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FOREWORD 

This final report presents the results of work perfornned by- 
personnel of the Lockheed -Hunts ville Research & Engineering Center 
for the Astronautics Laboratory of NASA-Marshall Space Flight Center 
under Contract NAS8-25569, "Thermal Support for Space Shuttle." This 
work was conducted in three phases. 

The NASA Contracting Officer’s Representative (COR) for Phase I 
of this contract was Mr. R. R. Fisher. S&cE-EP-44. The period of per- 
formance for this phase was from February to September of 1970, The 
COR for Phase II and Phase III of this work was Dr, K. E. McCoy, S&E - 
EP-44. The period of performance for Phase II was from February 
1971 through June 1973. The period of performance for Phase III was 
from June 1973 through January 1976. 

The Lockheed -Huntsville Project Engineer for this contract was 
Mr, William G. Dean. 
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Section 1 

INTRODUCTION AND SUMMARY 

The primary purpose of this contract was to provide theanmal support 
in the design of the Thermal Protection System (TPS) for the Space Shuttle 
vehicle. The work conducted covered a wide range of problems. However, 
these can be grouped generally into three phases; 

Phase I: Analyses in support of MSFC "Point Design" Shuttle configuration: 

« Generation of temperature boundaries of the Space 
Shuttle "point design." 

e Leading edge and nosecap TPS material investigation. 


Phase II: Support of three TPS test facilities as follows: 

• MSFC 36 X 36 -Inch Panel Radiant Lamp Test Facility 

• MSFC Structural/Thermal Test Facility (STTF), and 

• MSFC Hot-Gas O 2 /H 2 Burner Test Facility. 

Phase III; The following tasks were performed during Phase III: 

e Hot Gas Facility (HGF) Support 

• Guarded Tank Support 

• Shuttle External Tank (ET) Thermal Design Handbook 
Support 

• 20 -Inch LH 2 Tank Test Support 

• Radiant Tests of BX-250 Foam Panels Support 

e External Tank (ET) Thermal Protection System (TPS) 
Development Support 

• 70-Inch LH 2 Tank Test Support 


LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 


XAISC-HREC TR D496704 


• MTF/MPTA Flaxne Bucket Heating Rate Analysis 

• Task to Suxrunariae and Document all Test Data 
of BX-250 Foam 

e SSME Seal Leaks/Vent Duct Heating Problem Analysis 

• MSFC Hot-Gas Test Facility Modifications Study 

• AEDC Foam Test Support Task 

• Langley BX-250 and CPR-42/Arc-Jet Test Support 
Task 

9 Langley CPR-421 Foam Tests in Mach 10 Tunnel 
Support 

0 Independent Assessment of Candidate TPS Materials 
(for ET) 

A Hot Gas Facility (HGF) Testing of Candidate TPS 
Materials (Planning) 

0 Independent Contin;^ing Review of ET Contractor's 
TPS Development Efforts 

0 Review of ET Contractors Document (on analysis 
methods for predicting CPR-421 performance from 
data) 

0 Protuberance Heating Review (as related to ET 
contractor's instrumentation "island" problem) 

0 AEDC SRB/TPS Materials Test Support Task 

0 MSFC Hot Gas Facility Modification/Fabarication 
Task, and 

0 AEDC Tunnel C Tests of CPR-421 Foam Using 
36 -Inch Curved Panel Support. 

References 1 and 2 summarize the work done on the first two phases. 
These were designated as "interim final reports," since the contract was 
still in progress at the time of their publication. 


Approximately 40 documents were published under Phases I and II 
of this contract, which were discussed in the interim reports. This report 
documents the work covered during Phase III. 
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Section E 

TECHNICAL DISCUSSION 

Since the tasks completed under this contract were documented as they 
were accomplished, the method used for this final report is to present copies 
of the various technical reports published. These are presented as appendixes 
in the back of this report. 

Any question regarding any of this work may be directed to the Loekheed- 
Huntsville Project Engineer. 
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Section 3 

CONCLUSION AND APPRECIATION 

Lockheed -Huntsville takes this opportunity and means to express its 
appreciation fo; the privilege of performing this contract for NASA -MSEC. 
Throughout this contract, we at Lockheed -Huntsville have always experienced 
excellent working relationships and cooperation from all NASA employees 
involved. It is felt that this has made it possible for much valuable tech- 
nical work to be accomplished. 
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TECHNICAL NOTE 


HuntsvHle Research & Engineering Center 


Contract NAS8-25569 Date July 1974 Doc. LMSC-HREC TN D390295 

DETERMINATION OF THERMAL CONDUCTIVITy OP CPR-421 INSULATION 
Title: FROM BOILOFP RATE AND TEMPERATURE DATA FROM 20-INCH LH^ 

TANK ^ 



FOREWORD I 

This report presents the resxilts of a data analysis task performed by personnel » 

of the Lockheed-Huntsville Research & Engineering Center under Contract NAS8- 
25569. The NASA Contracting Officer’s Representative (COR) for this study is 
Dr, Kenneth E. McCoy, EP-44. T . 

I 

INTRODUCTION AND SUMMARY | - 

. j ■■ 

The LH^ boiioff rates from the 20-inch LH^ tank and the temperatures at dif- i 

ferent depths in the CPR-421 material were available from several tests. These I 

tests were run by the NASA-MSFC Test Divison, From the boiioff data, the 
heat transfer rate was obtained. The thermal conductivity evaluated for the ( 

material was plotted against its mean temperature and a straight-line "least ■ \ ' 

squares" fit of the points was obtained. The resulting curve compared favor- 1 

I 

ably with the Upjohn Company thermal conductivity curve for CPR -421 material i 

which was obtained from NASA-MSFC. 

TECHNICAL DISCUSSION 1 ' - 

I 

Figure 1 is a sketch of the 20 -inch LH;^ tank lined on the outside with CPR-421 •; 

^ I' 

material. The tank was filled to a certain level with LH^, It was allowed to ij 

stand for sufficient time in an ambient environment for the thermocouples, em-' | 

bedded at premeasured depths in the foam, to reach steady state values. The ^ 

LH, boiioff and the temperature data for all the tests were available and some 3 

^ {■:. 

of the typical data are presented in Table 1. ;■ 

ii 

ij ; 
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The heat transfer rate 


through the 


. **'fg 

^ = -A- 


tank is calculated as follows: 


Btu 

ft^~hr 


where 


m 



A 


= IjH 2 boil off rate, Ibm/hr 

= heat of vaporization of Btu/lbm 

2 

= wetted area of tank, ft 

(obtained from an level sensor) 


With the heat transfer rate, q, known the thermal conductivity is obtained from 


where 


\ 




Btu 


ft^-hr 


2 

K = thermal conductivity of foam, Btu-in/hr-ft^-°F 
Ax = thickness of foam in. 

Tjj, T^= temperatures across thickness Ax of foam, 


The thermal conductivity thus evaluated is tabulated in Table 1 with the average 
temperature. The average value taken is that between T^^ and T^. 

RESULTS AND CONCLUSIONS 

A plot (Fig. 2) of the thermal conductivity of the CPR-421 material was made 
against the mean temperature of the material. A straight line ’’least 
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squares” fit of the points was used. As Fig. 2 shows, these data compare 
reasonably with a similar Upjohn Company curve obtained from NASA-MSFC. 
However, these latest data give a higher conductivity than the Upjohn values. 
This is possibly because the latest data contain some effects of penetration 
heat leaks from such items as fill and drain lines, vent pipes, etc. These 
heat leaks would tend to raise the heat leak into the tank and boiloff 

rates, thus indicating a higher apparent CPS.-421 conductivity. 

"I 



Zain Karu 

Heat Protectmn System s 




W. G. Dean, Project Engineer 
Space Shuttle Thermal Support Study 







Juan K. Ltovin, Supervisor 
Thermodynamics & Structures Section 

Attach: (1) Table 1 

(2) Figures 1 and 2 
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20-lKCH LH, TANK TEST DATA AND THERMAE CONDUCTWITy 
OF CPR-421 MATERIAL 


Test Number 

Time 

^»2 

Bozloff 

IVetted 
Height, in 
Gyln. Portion 

AX 

T 

cP 


(sec) 

<lbm /hr) 

{in.) 

(in.) 

(■^F) 


274-024 


7,6X4 6.21 


8,480 5.72 


3.433 7.58 


18,114 865 


274-026 


4,185 6.07 


9,001 5,13 


49.6 -31.6 

49.4 -120.6 

50.1 -183.2 

50.5 -423 
-31.6 

- 120.6 

-1B3.2 ” 

53.6 -26.7 
53.8 -113,6 

55.1 -175.8 
54.3 -423 



SO. -26.2 
52. -114.2 

51,6 -177.1 
51.3 -423. 

-26.2 j 


-177.1 I 

60.1 -19,0 

64.2 -UO,'- 

63.0 -175.5 

65.0 -423 

-19.0 I 

-110.7 1 


43.5 -38.6 

41.9 -126.0 

43.3 -188,6 
43.3 -423 
-38.6 
-126.0 
-188.6 w 

54.2 -26.6 

54.6 -113,9. 

54.9 -174,7 
52. 0 -423 

-26.6 I 


4,367 7.85 
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Appendix B ' ■ 

DeaHi W, G., "Results and Analysis of BX-250 FoamTests at MSFC," 
LiMS C-HREG TN D3 90268, -Locblieedv jMIs siles fe Spacte Gompany, . ; 
Hunts ville, Ala. , July 1974. ' ' : 
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Title: 


RESULTS AND ANALYSIS OF BX-250 FOAM TESTS AT MSFC 


FOREWORD 

This report was written by personnel at the Lockheed-Huntsville Research 
& Engineering Center under Contract NASS -255 69. The NASA-MSFC Contracting 
Officer's Representative (COR) for this study is Dr. Kenneth E, McCoy, S&E- 
ASTN-PTC. This report documents tests conducted on BX-250 foam by MSFC 
in their facilities. Mr. Chuck Verschoore and Mr. Stan Chamberlain were the 
MSFC test project engineers responsible for the tests. 


1.0 INTRODUCTION 

A number of panel tests of candidate thermal protection system (TPS) 
materials for the Space Shuttle External Tank (ET) have been run in the MSFC 
Hot Gas Facility (HGF). The results of these tests have now been correlated 
and analyzed. This report describes the Hot Gas Facility and summarizes and 
analyzes the BX-250 foam test results. Also, results from the MSFC Radiant 
Heater Facility BX-250 foam tests are presented and discussed. 


There is no ground test facility in which all the parameters affecting the 
TPS performcince can be simulated completely. It is therefore necessary to 
look at the degree of simulation achieved and determine the effect this may have 
on predicted flight performance. A discussion of this problem is also presented 
herein. 
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E.O DISCUSSION 

2.1 MS FG HOT GAS FACILITY DESCRIPTION 

The NASA-MSFC Hot Gas Facility (HGF) consists of a combustion 
chamber, throat section, esspansiori nozzle, test section and diffuser* The 
combustion chamber burns either hydrogen and oxygen or hydrogen and air, 
at chamber pressures from approximately 65 to 150 psia and oxidizer-to- 
fuel (O/f) ratios of 13 to 20. The Mach number at the nozzle exit plane is 
approximately 4, Materials may be tested in the facility as panels in the 
nozzle sidewalls and diffuser centerbody, or as a leading edge mounted on 
the front of the centerbody. The tests discussed herein were run as panels 
in the nozzle sidewalls. Figure 1 shows a sketch of the HGF. 

Figures 2 and 3 show the calculated flowfield parameters (Mach number, 
temperature, pressure, density and velocity) along the nozzle boundary layer 
edge as a function of distance from the throat. This is for a typical test con- 
dition, 80 psia chamber pressure, and O/F = 14, burning GOx/H 2 - Additional 
information on the HGF heating rates, pressures, shear, and Chemical species 
is given in discussion of extrapolation of the HGF results to flight conditions 
(Section 4. 0). 

2.2 SUMMARY OF TESTS CONDUCTED AND RESULTS OBTAINED 

Table 1 presents a surrimary of the HGF testing of the candidate ET TPS 
materials. The test numbers shown are for materials tests only. A number 
of Galibration tests were also run which are not shown here. The O/.T ratios 
shown are mass ratio values. The TPS panels tested were run in the third 
nozzle section on the side and top locations as shown in Fig. 1. The panel 
sizes were 12 x 17 inches with the 12-ihch direction aligned with the flow. 
Most of the panel material thicknesses were 0.75 inches. Heating rates and 
pressures were measured during ealibration runs using a calibration panel 
as shown in Fig. 4. The calibration panel contained eight calorimeters and 
eight pressure taps. The heating rates presented in Table 1 are averaged 

2 . . 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 


LMSC-HREC TN D390268 


over the four values down the panel centerline. The pressures are averaged 
from all eight locations. Two types of recession rates are presented; 

(1) based on measured post-test thickness values, and averaged along the 
panel centerline, and (2) based on weight-loss data. The recession rates 
are calculated using the total recession a,nd dividing by the total run time. 

No instantaneous recession rates as a function of time during the tests were 
measured. Various comments are given in Table 1 for added information 
where needed. It is noted that some test numbers are missing in Table 1, 

Some of these missing tests were aborts, others were calibration runs. No 
data were obtained in some cases for various reasons such as instrumentation 
loss, etc. These cases are so indicated in Table 1 by ND (no data). 

An attempt was made to measure temperature within the foam as a func- 
tion of time. Difficulty was encountered in getting good temperature data due 
to conduction in the thermocouple wires, large thermal capacitance of the wires 
compared to the foam, and installation problems. Therefore these data are not 
presented herein. Perhaps these data could be salvaged with more analysis and 
presented later. 

Most of the panels tested are BX-250 foam since this is the primary 
Shuttle ET-LiH^ tank TPS material. Color movies of the panels were made during 
the tests on many runs. (These are available for the side panels only since 
the camera is mounted on the nozzle side directly across from the panel.) 

These movies are available from Mr. Stan Chamberlain. NASA-MSFC Test 
Division, 

Figures 5 and 6 show post- test photographs of typical BX-250 foam 
panels. Post-test photos are available for most of the panels from Dr. Ken 
McCoy, NASA-MSFC Engineering Analysis Division. 

Table 2 presents a description and the nominal density values of the 
various materials tests. Table 3 presents actual de..sity values for several 
BX-250 ’'trim'' panels. These were measured from plugs cut fimm the panels 
after the tests. 

. 3 .. 
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2.3 ANALYSIS OF RESULTS 

The BX-250 foam is presently the primary Space Shuttle external LH 2 
tank thermal protection system material. Therefore, correlations of the 
BX-250 data from the HGF tests were made. Two specific correlation methods 
were used. The first was a recession rate versus heating rate method, the 
second was through the use of computer routines developed during the course 
of this study. 

2.3.1 Data Correlation Using Recession Rate vs Heating Rate Method 

Figures 7 and 8 show the results of the surface recession rate versus 
heating rate correlation. Figure 7 is based on data from measured material 
thickness changes from before and after testing. Figure 8 is based on weight 
loss data from weight before and after tests. The straight lines of Figs. 7 and 
8 are "least-squares" fits of the data. All recession rate data are based on 
average rates, that is, the total recession is divided by the total run time. 

All heating rates are "cold-wall" values based on a wall temperature of 70°F, 

Figure 9 presents a refinement of the recession data of Fig. 7. As the 
foam surface recedes, a "depression" is left in the nozzle wall where the foam 
specimen is mounted. (The foam is, of course, initially flush with the nozzle 
wall plane at the beginning of each test.) This depression causes a thickening 
of the boundary at this location, hence a reduction in heating rate. In order to 
take this effect into account the calibration panel was mounted at several re- 
cessed depths, and calibration runs were made. From these calibration run 
data a curve of recession depth versus measured heating rate was made. This 
curve was then used to make corrections on all the heating rates as presented 
in Fig. 7, which was based on flush-mounted measured heating rate values. A 
least squares fit was then made of the adjusted data and compared to the unad- 
justed data. Figure 9 shows this comparison. The adjusted i*esults give about 
2 10 to 15% increase in recession rate at a given heating rate. 

As seen from the curves of Figs. 7, 8 and 9, the recession rate versus 
heating rate type correlation worked well and should be useful in predicting 
flight vehicle foam thickness requirements, 
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2.3,2 Data Ccirrolations Using Computer Routines 

The first computer method used for correlation purposes was to develop 
a program which performed a heat balance at the foam surface. The program 
accounts for surface recession, heat conduction into the foam, convective 
heating to the surface, and heat radiated away from the surface. The surface 
recession rates are calculated using an Arrhenius equation of the form 

rh = Ae 



where 

m = mass loss rate 

A, B = correlation constants 

e = natural log base 

T = surface temperature 

The constants A and B are usually determined from experimental data. This 
is done by plotting recession rate as a function of i/t on semi-log paper. 

The value of A is then obtained from the intercept of the plot and B is the 
slope. However, in this case the surface temperature, T, was not measured. 
Therefore the constants A and B were determined by trial and error to match 
the calculated surface recession rate using calculated surface temperatures 
from the computer program. The resulting values which matched the meas- 
ured recession during several of the early tests were: A = 8. 16 Ibm/sec, and 
B = 9000 '^R. In addition to these constants there is also a term, H, called "heat 
of reaction" for the foam. The value used for this term was 4000 Btu/lb. 

Figure 10 shows the surface recession versus time as calculated by 
the program compared to the total measured recession at the end of the run 
(no recession versus time values were measured during the tests). This 
curve is for test No. 36, in the HGF at a heating of 3.75 Btu/ft^- sec. The 
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^ thermal properties density, specific heat, and thermal conductivity used in 

this analysis are given in Tables 4, 5 and 6, respectively. 

This program was also used to calculate temperature- time histories 
throughout the foam thickness. The results were compared to measured 
values from thermocouples. The agreement was generally not good. This 
is attributed to the highly transient nature of the problem and difficulty in 
obtaining good experimental data because of the use of large thermocouple 
wires, use of high density potting compound to hold the thermocouple plugs 
in place, and difficulty in getting accurate thermocouple "bead” locations. 

Figure 11 shows another comparison of HGF data and the computer 
program results. The three calculated points are at heating rates of 1.0, 

Z.O, and 4.0 Btu/ft -sec. The agreement is reasonably good, but to obtain 
this agreement the constants A, B and H had to be revised from those used 
in matching the earlier tests such as No. 36 shown on Fig. 10. The revised 
values of these constants are A = .816 Ibm/ft^-s ec, B = 12,000°R, and H = 

0.0 Btu/lb. It is therefore felt that additional work is needed in definition of 
the best values of these constants before application of the type model to a 
flight vehicle design. 

2.3.3 Additional Correlations 

In addition to this simple computer model, it is recommended that three 
other methods of analysis should he tried. These are to; (1) use the Lockheed 
"WOTA” ablation analysis priigrami Ref. 1; (2) the NASA-Houston "STAB n” 
ablation program, Ref, 2; and (3) a transient, one -dimensional routine using 
the R versus q curve approach with the corrected data, of Fig. 9. Results of 
these effort can then be compared and a selection of the best method made for 
application to the flight vehicle design. 
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2,3.4 Comparison of HGF Data with Data from Other Sources 

Figure 12 shows a comparison of the HGF data with some preliminarjr 
data obtained from NASA-Dangley in their Arc Jet Facility. These Dangley 
data must still be considered preliminary at the present time since they are 
unpublished and were obtained by phone. The BX”250 foam for these tests 
was made by MSFC and shipped to Langley for testing. It had a nominal 
density of approximately 2.3 Ib/ft^. However, the agreement is seen to be 
reasonably good. The Langley data were taken at a pressure of 0.01 to 0,1 
atm. Figure 12 also shows a curve fit equation for recession rate versus 
heating rate as determined by Langley for their data. The equation of the 
dotted line curve is R = 5.0 x 10“'^ x (q)^. This curve is also seen to agree 
well with the MSFC HGF data. 

To obtain the '‘recession threshold" rieating rate the HGF data can be 
extrapolated back to the aero recession point. This gives a heating rate of 
approximately 0.75 Btu/ft -sec, below which there is no recession. The 
Langley data agree with this in that their lowest heating data point of 0.6 
Btu/ft sec did not yield any recession. (This threshold value was later 
confirmed in a series of BX-250 foam tests using the MSFC "Guarded Tank" 
in the radiant test facility.) 

3.0 MSFC RADIANT HEATER/VACUUM TANK TESTS OF BX-250 FOAM 

3.1 liitroduction 

Due to the fact that the MSFC Hot Gas Facility tests were conducted 
at pressures which were below those esqjected at the time of peak heating, 
and in an atmosphere which was not air, it was decided that additional tests 
were needed to determine the effect of these parameters. Because of this 
a number of tests were planned and carried but in the MSFC Radiant Heater 
Panel Test Facility, The following sections give a brief discussion of these 
tests and the results, it is planned that a more detailed documentation of 
these tests will be published later, 
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3.2 Objectives 

The following are the objectives of this series of tests: 


9 Determine effect of presence of H 2 O vapor on recession 
rate of BX-250 foam, 

• Determine BX-250 recession rate under radiant heat 
input in an inert atmosphere. 

o Determine BX-250 recession rate under radiant heat 
iiqjut in an air environment. 

0 Determine BX-250 recession rates at radiant heat 
' inputs similar to HGF tests and at similar and varying 
oxygen partial pressures. 

ft Determine the effect of pressure on recession rate in 
an air environment. 

ft Determine the effect of shear on BX-250 recession. 


1 

r • 

i ( 


!< 

I 

i 




3.3 Test Article Description j 

The test articles for these tests were 12 x 17-inch panels of 3/4-inch 
BX -250 foam on l/S- inch aluminum back plates. The panels were identical 
to those used in the HGF tests. 

'i 

3.4 Test Facility 

These tests were performed in the MSFC 15-foot top-loading vacuum * 

chamber in the S-I dynamic test stand, Building 4557. The foam panels were | 

suspended above the radiant lamp assembly. The radiant heater facility con- i 

sists of watercoded reflectors and tubular quartz lamps. It has an opening 'i 

size of approximately 24 x 28 inches. ; 

3*5 ins trtimentation and Data / 

ji. 

Instrumentation consisted of thermocouples l/s, l/4 and 3/8 inches 
below the foam surface and on the aluminum back-plate. The thermocouple 

8 
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layout is identical to the HGF testa. Thermocouple locations were verified 
by X-ray. Heat flux was monitored by a single calorimeter placed next 
to the panel at the midpoint of the long (17 inches) side. This side heat flux 
was correlated with that at the center of the paiiel using a calibration panel 
with a calorimeter in its center. The centerline neat flux was then deter- 
mined from the side heat flux measured during the foam panel tests. 

The recessions were measured by weighing the panel beforehand after 
each test and by establishing the height of the surface relative to a fixed refer- 
ence before and after each test. The height measurements were made to the 

closest l/64 inch. Weights were measured with an accuracy of +_0.1 gram. 

» 

Still color photographs were made of the panel after each test. The 
tests were monitored in real time on television and a video tape was made for 
later review 

3,6 Results 

Figure 13 preseiits a summary of the results of these tests in the form 
of recession rate versus heating rate. These results are based on measured 
recession rates, as opposed to weight loss data. The heating rates are based 
on pretest calibration rather than post-test calibration data. The post-test 
calibration data also give .a good correlation but results in a slightly higher 
recession/heating rate curve. 

Because some of the heat-flux calibration data encountered repeatability 
problems, these results must still be considered preliminary at present. How- 
ever, this problem is not expected to significantly change the conclusions drawn 
from the data. 

In Fig. 13 the radiant test data are compared to the Langley and MSFC 
HGF data which we ire obtained on a convective heating environment to show 
the effects of shear on recession. 
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3.7 Conclusions 

From observations and analyses of these results the following conclusions 
can be drawn: 


® These is no appar ent effect of pressure or gas content 
(O^, HgO) on BX-250 foan: recession in the ranges tested. 

e There is a significant effect of shear on BX-250 recession 
. rate. ' ' 

& The recession rate of BX-250 in a radiant environment 
correlates well with heating rate. 


4.0 PROBLEMS ASSOCIATED WITH APPLICATION OF BX-250 GROUND 
TEST DATA TO SPACE SHUTTLE ET DESIGN 


After malting tests and reducing and correlating the data, the next step 
is to determine how to use the data in the flight vehicle TPS design. There 
is no ground test facility where all the parameters affecting the TPS perform- 
ance can be simulated completely. It is therefore necessary to look at the 
degree of simulation achieved and determine the effect this may have on pre- 
dicted flight performance. The simulation parameters to be considered are: 


o Heating Rate 
• Aerodynamic Shear 
© Enthalpy 
ft Oxygen Content 
® pressure 

Although each of these parameters are interrelated, an attempt is made 
to discuss each of the parameters discussed individualiy in the foliowing 
sections. 
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4.1 Heating Rate . 

At the present time it appears that the BX-250 foam performance or 
recession rate is governed primarily by the applied heating rate and the best 
method of correlation and application to flight design is tnrough the recession 
rate versus heating rate. 

The coid-wall heating rate, q, levels being achieved in the Hot Gas 
Facility vary from approximately 0,6 to 4.4 Btu/ft -sec. For the ET/LH^ 
tank flight conditions, Rockwell International predicts values from 0.0 to about 
4,6 Btu/ft -sec (see Ref. 3), This is for body location No. 7420 on the forward 
end of the ET/IjH^ tank, at an ^assumed wall temperature of 46Q°R. For the 
ET/lOX tank at body location No. 7010 the heating rate ranges from 0.0 to 
4.3 Btu/ft^- sec at a 460°R wall temperature. (These values are for the 
*’3 A nominal'' trajectory.) 

No problem is expected in applying the ground test data to ET/LOX/JjH^ 
tank TPS design insofar as heating rate variations are concerned. This is 
because of: (1) a good correlation of recession rate versus heating rate was 
obtained (see Fig. 7), and (2} the heating rates expected in flight are in the same 
range as those where the ground test data were taken. This application to flight 
can be handled through use of a computer routine with a variable heating rate 
input capability. Another point to be considered here is the fact that most of 
the area of the ET- except for the aft dome, has a heating rate level for most 
of the flight time which is below the "recession threshold" heating rate level 
of 0.75 Btu/ft -sec. In other words most of the ET area is expected to have 
very little or no recession during flight. 

Application of the data to the ET aft dome, however, presents a different 
problem from that of the rest of the tank since the heating rates there are con- 
siderably higher and almost purely radiative rather than convective. Most of 
the radiant facility data were taken at a rate below the expected flight level of 
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2 

approximately 7 Btu/ft -sec {see Fig. 13). The MSFC ’’guarded tank” was 

z 

tested at a heating rate of 6.0 Btu/ft -sec, however these data must still be 
considered preliminary at present. Also these data were taken at a "high” 
pressure of 1 atm. Because of this situation, the aft dome application 
problem remains unsolved \mtil more data are taken at the appropriate heat- 
ing rates, and pressures. 

4.2 Aerodynamic Shear 

The shear levels being experienced in the HGF tests at an oxygen-to- 

O 

fuel ratio (O/F) of 12 are calculated to be 0.16 to 0.67 Ibf/ft while the typical 
predicted flight levels for the ET per Rockwell are 0 to 1,9 Ibf/ft . Initially 
this situation presented a challenge because: (1) the simulation is on the low 
(unconservative) side, and (2) because it was felt that the foam materials were 
quite "shear -sensitive." 

However, after observation of the data from numerous tests, it seems 
that this problem may not be as serious as first thought. It now appears that 
there is a low shear level which is sufficient to keep the "char" removed. 
Once this level is exceeded, then the higher shear levels do not really change 
the material performance until they become high enough to remove the "virgin" 
material. These higher levels are apparently higher than those to be experi- 
enced in flight. Therefore, the material recession may not increase with shear 
in the range between initiation of char removal and virgin material removal, 
Langley personnel have also expressed this as their interpretation of their 
foam test data. This means that the HGF and Langley data can then be 
extrapolated to flight without having identical shear levels . 

Another aspect of the shear problem is that of what happens in a shock 
impingement area. The first part of the problem is to determine what the 
shear level is for the flight case and the second part is to try to simulate this 
in a ground test. The best practical solution to this seems to be to test the 
foam in the HGF in the region where a shock strikes the wall on the dome lid 
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or on the centerbody. This should also be supported by a study of how well 
the HGF shock angle, strength, velocity gradient, etc,, simulate the flight 
values. 

4,3 Enthalpy 

The term '‘enthalpy” as used in ablative materials test work refers to 
the total (cr recovery) value in the freestream {or boundary layer edge) as 
opposed to the static value. In the HGF for an O/F = 12, the total enthalpy 
is approximately 3900 Btu/lb. In flight the value varies from 0 to about 300 
Btu/lb at the time of maximum heating and then to about 12,000 Btu/lb at 500 
seconds. Ablative material performance is affected by the enthalpy level in 
two ways. The first is through the convective heating blockage in the boundary 
layer. As the ablator decomposes, it gives off gases which enter the boundary 
layer and form a layer of "cool,” insulating gas at the surface. The higher the 
boundary layer edge enthalpy (or temperature) becomes, the more effective 
this "cooling” mechansim becomes. H the HGF enthalpy is much higher than 
the flight value, the result would be to get more effectiveness in the ground 
tests than will b® experienced in flight. This is undesirable because it is in 
the unconservative direction. If the HGF enthalpy is lower than the flight 
value the results will be conservative. An effort was to made to attack this 
problem analytically. An estimate was made of this difference in effectiveness. 
It was concluded that there was probably not a large difference. 

The second way that enthalpy effects the foam performance is through 
the recovery temperature. The temperature drop across the boundary layer 
from the recovery temperature to the wall temperature is in effect the "driving 
potential" to force the heat into the surface. Therefore, it is possible 
to have varying surface temperatures at a constant heating rate if the recovery 
temperature is varying. Intuitively, it would s eem that the higher the wall (or 
surface) temperature the higher the recession rate, even at a constant heating 
rate. However, this is not obvious from observation of the data. 
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4.4 Oxygen Content 

The HGF can simulate various oxygen content environments because 
it can be run using either air or gaseous oxygen as the oxidizer. Also each 
oxidizer can be run at various O/f ratios. Running with oxygen at an o/f 
of 13 produces an oxygen content at the samj)ie test area of about 36%. With 
air the O 2 content is near zero. In flight the value is near 20%, content 
affects the performance of an ablating material through chemical reactions 
which involves the use of oxygen. Generally, in the higher temperature 
ablators, which form a carbon char layer, the surface gets hot enough to 
oxidize or burn at a rapid rate and oxygen content is a very critical param- 
eter. However, with the foam materials it is felt that the surface will prob- 
ably never get hot enough for this oxidization mechanism to become significant. 
Rather, since the charring material is so fragile, it is felt that it will be kept 
swept away by the aerodynamic shear before reaching a high temperature. 

Oxygen content may also effect the "burning rate" of the virgin material 
and it has been shown by Thermogravimetric Analysis (TGA) data that oxygen 
does affect the reaction rate of the foam in a static gas environment. This is 
observed by running samples in air and in argon. However, the reaction rates 
are essentially the same in air and argon up to about 850°F after which the air 
data show the sample reacting much faster than the argon data. If it can be 
shown that in a shearing environment the material surface is being removed 
before it reaches 850°F then the oxygen content in ground tests versus flight 
will become insignificant. It is presently felt that the most of the materials 
is removed before reaching 850°F. 

4.5 Pressures 

Pressure affects material performance in two ways. The first is through 
the heating rate and shear. The higher the pressures, the higher the shear 
and heating rate will be. This part of the effect can be handled as discussed 
above under "heating rates," and "aerodynamic shear." In the second part of the 
problem, increased pressures affect material response through providing more 
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available oxygen to the surface for reactions^ In this respect it affects per- 
formance in a way similar to oxygen content. Physically this is a combined 
effect of the two parameters which is the oxygen partial pressure or the 
product of percent oxygen content and "total” pressure. 

The HGP pressures are about .04 to 0,1 psia at the locations presently 
being used for test. The flight values range from 14.7 psito 0. At the location 
of maximum heating on the ET EOX tank {point 7010) the pressxire is approxi- 
mately 1.8 psi at the time of maximum heating. At 500 seconds, which is near 
the time of the second heating spike, the pressiire is essentially zero. 

Presently it appears from the data that there is no significant pressure 
effect on the foam performance in the range of pressures of interest. This 
statement is made for two reasons: (1) in the radiant heating test resixlts the 
pressure was varied by a factor of 20 times with no apparent effect on reces- 
sion at a constant heating rate, and (2) the data correlate well as recession 
versus heating rate which would not be expected from a "pressure sensitive" 
material. (This opinion is also shared by Langley personnel who conducted 
the tests for MSFC.) 

5.0 Conclusions 

As a result of analyses, data comparison, and testing of BX-250 foam at 
MSFC the following conclusions are drawn: 

d The data correlates well in the form of recession 
rate versus heating rate. 

o The resvdts of the Langley Arc Jet and the MSFG 
Hot Gas Test Facility test agree well. 

e The radiant tests showed that shear definitely 
affects the foam recession rate. 
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« There is apparently no pressure, O2, or H2G 
content effect on foam recession rate in the 
ranges of interest. . 

o There are no insurmountable problems in extra- 
polation/application of the ground test data to 



W. G. Dean, Project Engineer 

Space Shuttle Thermal Support Contract 


Approved: 



Juan K. Liovin, Supen/isor 
Thermodynamics & iStructures Section 

Attach: (1) References 

(2) Tables 1 through 7 

(3) Figs. 1 through 13 
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Tabic 1 


SUMMARY OF HGF PANEL TESTING 


Test 

No. 

Chun* 

Pre*. 

o.'f 

PropeLw 
, liAt 

.Run 

TImr 

MiUorial 

Average 
Healing Hate 
over panel 

Average 
StaHc Preaenre 
over Panel 

(biM 

Measured 
Recesalnn 
Rate lAve rage) 
ilO'3 sec/in) 

Recess 
Kate Bai 
TYeight 1 
(10-3 in 

ioa 
e d OD 
..ets 
/aecl 

(psia> 

Ratio 

(see) 

b|cJ« 

Top 

^I3e 

Top 

Side 

“ Top 

Side 

Top 

Sida 

Top 

21 

aa 

13.0 

GOX/Hj, 

300 

Calib. 

Panel 

Cork 

• 

3.75 

1.91 

.075 

.032 

ND 

HD 

ND 

ND 

24 

100 

15.0 

Air/Hj 

86 

BX-250 
Trim 1 

BX-250 

Trim:2 

1.54 

0.65 

.05 

.055 

• ” ' 


2.24 

.59 

10^ 

100 

150 

■ 

Air/Hj 

302 

BX-250 
Trim 1 

BX-250 
Trim 2 

1.54 

0.65 

.05 

.055 

1.1 

HU 

1.03 

.395 

31 

BO 

13.0 

. 

GOX/Hj 

. 305 

Catib. 

PAnel 

BX-249 

3.7S 

1.91 

.075 

.032 

CP 

1,20 

CP 

2.10 

3J 

110 

13.0 

COX/Hj 

55 

Calih. 

Panel 

SLA 561 

5.39 

2.9 

.086 

.07 

CP' 

Nil 

CP 

.11 

34 

60 

13.0 

■ 

GOX/Hj 

24 

BX-250 
Trim 4 

CPR 421 

3,75 

1.91 

.075 

.032 

8.3 

0.6 

9.5® 

5.74 

1 

ii 

MO 

13.0 

COX/Hj 

41 

Silicone 

Sponge 

Ablator 

BX-250 
Trim 3 

5.3 

2.9 


.07 

Nil^ 

4.3 

2.7 

6.47 

3b 

60 

13.B 

GOX/Hj 

68 

DG 

Silicone 

Ablator 

BX-250 

Trim- 

Coated 

3.75 

1.91 

.075 

.032 

Nil 

9.38'* 

.016 

la.i 

37 

107 

13,0 

CQX/Hj 

37 

HIbH Den- 
■ity Foam. 

Calib, 

Panel 

5.39 

2.9 

.086 

.07 

.OBb 

CP 


CP 

43 

■ 

60 

14a0 

GOX/Hj 

' 44.8 

BX-250 

C.R. 

G,E. 

Silicone 

Foam 

3.25 

1.65 

.075 

.032 

” 


3.93 

.13 

44 

80 

14,0 

GOX/Hj 

4Be4 

BX -250 
Trim 
MlNo. 2 

BX-250 
Trim 
Ml No. 1 

3,25 

1.65 

.075 

.032 


2.9 

6.95 

5.15 

45 

tio 

14 

gox/h. 

35.6 

BX-250 
Trim 5 

BX-250 
Trim 
Coated 2 

4.4 

2.40 

— 

_ 

9.6 

4.45 

7.8 

8.0 

46 

60 

>4 

GOX/Hj 

44 

BX-250 
Trim WI‘l 

Calib. 

Panel 

Recessed 

3,25 

. 

1.65 

“ ■ 


5.0 

CP 

6,8 

CP 

47 

no 

14 

GOX/Hj 

122 

SLA -561 -S 

Avco 480- 
lU 

4.4 

2.40 

' 

- 

Nil 

Nil 

,37 

05B 

73 

: 80 

20 

GOX/Hj 

100 

BX-35Q 

Trim^O 

BX-250 
Trim 9 

2.4 

l.IS 


— 

2.6 

0.9 

- 


79 

IflO 

IS 

Air/H^ 

ISO 

BX-250 
Trim 11 

BX-250 
Tpini 12 

1.6 


— ■ 

— 

1.8 

(Swelled) 

2.0 

i.t 

80 

150 

15 

Aie/Hj 

100 

BX-250 
Trim 14 

BX-250 
Trim 10 

2.3 

1.44 

— 

— 

3,2 

0.7 

3.3 

1,7 

81 

63 

14.2 

GOX/Hj 

100 

BX-250 
Trim 15 ' 

BX-250 
Trim 13 

2.52 

0.9T 

- 


3.8 

1.3 

4,05 

2.35 

82 

63 

14,2 

GOX/Hj 

30 

BX-250 
Trim 16 

BX-2S0 
Tr.irn 17 

2.52 

0.97 

” 


4,3 

: " 

6;0 

■ 

2.4S 


I. The same panel* were used tn Tc»i 50 a* in Te*t 24. They were first run 85 seconds In Test 24, then an additional 300 seconds in Test 30, 
2> Thermocouple plug* were lost, causing high weight toss. 

3. Some surface irregularities and charriog of surface occurred but no ovc.t-’all change in panel thiclotess was noted, 

4. Ffow-beohe down,; causing high pressure transient at shutdown. This caused abnormally high recession rate. 


Nntes; ND = no data; CP a calibration panel; CR a control rise 
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Table 2 

nominal density values for various materials 
WHICH WERE tested IN HOT GAS FACILITY 


Material 

Nominal 

Density 

lb/ft3 

BX-250 Foam 

2.0 

BX“ 249 Pour Foam 

2.0 

BX-250 High Density Foam 

5.0 

GE Silicone Sponge 

20.0 

Dow Corning Silicone Ablator 

55.0 

Cork 

30.0 

SLA-561-S 

15,0 

CPR-421 

4.0 

AVCO 480 -lu 

• 

16.0 


■ 

Approximate value. 
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Table 3 

MEASURED DENSITY VALUES FROM BX-250 FOAM PANELS 
TESTED IN HOT GAS FACILITY (POST-TEST MEASURE- 
MENTS. CHAR REMOVED BEFORE. MEASUREMENT 


Panel from 
Test 
Number 

Measured 

Density* 

(lb/ft3) 

44 (Top) 

2.36 

+0.14 

44 (Side) 

2.16 

+0.21 

4B 

2.55 

+0.16 

72 

2.84 

+0.16 

IMS 

73 

2.39 

+0.24 

80 

2.23 

+0.17 


Panel appeared to be made in three "layers;” density not 
applicable 

Tolerance on density due to weight and measurement inaccuracy 
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Table 4 

BX-250 FOAM DENSITY VERSUS TEMPERATURE 
USED IN COMPUTER MODEL ANALYSES 


Terrjperature 


Density 


0 

550 

675 

1293 


Table 5 

BX-250 FOAM SPECIFIC HEAT VERSUS TEMPERATURE 
USED IN COMPUTER MODEL ANALYSES 


Temperature 

Specific Heat 

(°R) 

(Btu/lb“°R) 

0 

0.3 

642 

1.2 

760 

1.0 


Table 6 

BX-250 THERMAL CONDUCTIVITY VERSUS TEMPERATURE 
USED IN COMPUTER MODEL ANALYSES 


Temperature 


Thermal Conductivity 
(Btu/ft - s ec - *^R} 


0 

11 
16 
26 
36 
460 
1060 


23 X 10 
46 X 10 
115 X 10 

22 X 10 

32 X 10 
42 X 10^ 
53 X 10 
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Table 7 

SUMMARY OF PLANNED RADIANT HEATER/VACUUM 
FACILITY BX-250 FOAM PANEL TESTS 


— 

Test 

No, 

■ 

'1 

E nvir o nm e nt 
Gas 

% W eight 

Chamber Total 
Pressure 
(psia) 

Heat Flux 
{Btu/ ft^-sec) 

Planned 

Run 

Time 

{sec) 

Purpose 

1 

40% 0-/60% H,0 

0.03 

1.65 

150 

Duplicate HGF tests 

2 


0.05 

2.5 

75 

without shear, Estab- 

3 


0.08 

3.25 

50 

lish baseline for later 

4 


0.095 

4.25 

60 

comparison- 

5 

Dry Air 

0.03 

1.66 

150 

Duplicate Tests 1,2, 

6 


0.05 

2.5 

75 

and 3, 4 in air environ- 



0.08 

3,25 

50 

ment. 



0.095 

4.25 

50 


IH 

Dry Air 

0.3 

1.66 

150 

Recession rates at 



0.5 

2.5 

75 

pressures 10 x HGF 



0.8 

3.25 

50 

test pressures. 

■H 


0.95 

4.25 

50 


mM 

Dry Air 

0.6 

1.65 

150 

Recession rates at 



1.0 

2.5 

75 

pressures 20 x HGF 



1.6 

3.25 

50 

test pressures. 

16 


1.9 

4.25 

50 


17 

Dry Air 

1.2 

1.65 

150 

Recession rates at 

18 


2.0 

2.5 

75 

40 times HGF test 

19 


3.2 

3.25 

50 

pressure. 

20 

0-/N- =40/60 

0.03 

1.65 

150 

Duplicate Tests 1,2 

21 


0.05 

2.5 

75 

and 3 with no H2O 

22 


0.08 

3.25 

50 

vapor to study water 

23 


0.095 

4.25 

50 

vapor effects 

24 


0.03 

1.65 

IfiO 

Duplicate Tests 1,2, 

25 


0.05 

2.5 

75 

and 3 in inert 

26 


0.08 

3.25 

50 

atmosphere. 
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Fig. 5 


- Typical Post-Test Photographs of BX-250 Foam Panels Tested in MSFC Hot Gas Test 
Facility (Panel shown is for Test No. 45, sidewall location) 
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Fig. 6 - Typical Post-Test Photograph of BX-250 Foam Panels Tested Ln MSFC Hot Gas Test 
Facility (Panel shown is from Test No. 44, sidewall location) 
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’’Adjusted q” Least 
Squares Fit 


Flush-Mounted q Least 
Squares Fit 


Cold Wall Heat Flux (Btu/ft -sec) 


Comparison of Data with and Without Adjustments for Reduction in Heating Due to Panels 
Not Being Flush with the Nozzle Surface 
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Fig. ib - Comparison of Thickness vs Time fron 
Program Results 




18 20 22 24 26 


Test No. 34 with Computer 


LMSC^HREC TN D 3 9026 8 














— . — HGF Data (Flush-Mounted q Least Squares Fit) 
O Langley Data (Preliminary) 

Curve Fit of Langley Data 

(R = 5,0 X 10"^ X ) 
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Lfangley Tests 

Z' 

/ ^ 


HGF Panel Tests 


Radiant Lamp 
Panel Test Data 5: 
■Points 


Radiant Lamp Panel Test 
Data Faired Curve 


Cold Wall Heat Flux (Btu/ft -sec) 


Recession Rate vs Heat Flux for BX-250 Foam in MSFC Radiant Panel Tests 
Facility Compared to Langley Arc Jet and MSFC Hot Gas Facility Data 
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DISCUSSION OF THE DEGREE OF SIMULATION OF CRltlCAL PARAMETERS 
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TO FLIGHT CONDITIONS ON THE SPACE SHUTTLE EXTERNAL TANK 





FOREWORD 

This report presents the results of work performed by the Lockheed- 
HuntsvRle Research & Engineering Center under Contract NAS8-25569. The 
NASA-MSFC Contracting Officer's Representative (COR) for this study is 
Dr. Kenneth E. McCoy, S&E-ASTN-PTC, 

INTRODUCTION 

The NASA-MSFC Hot Gas Facility (HGF) consists of a combustion 
chamber, throat section, expansion nozzle, test section and diffuser. The 
combustion chamber burns either hydrogen and oxygen or hydrogen and air, 
at chamber pressures from approximately 65 psia to 110 psia and oxidizer-to- 
fuel (O/f) ratios of 13 to 20. The Mach number in the test section is approx- 
imately 4. Materials may be tested in the facility as panels in the nozzle 
sidewalls and diffuser centerbody, or as a leading edge mounted on the front 
of the centerbody. The tests discussed herein were run as panels in the nozzle 
sidewalls. Figure 1 shows a sketch of the HGF. 

A number of panel tests of candidate thermal protection system (TPS) 
materials for the Space Shuttle External Tank (ET) have been run in the facility. 
The results of these tests are now being correlated in conjunction with a com- 
puter program to develop a means of predicting foam performance on the ET 
during flight. As in any ground test facility, not all the parameters affecting 
the TPS performance can be simulated completely. It is therefore necessary 
to look at the degree of simulation achieved and determine the effect this may 
have on predicted flight performance. The parameters to be considered are: 

® Heating Rate 
• Aerodynamic Shear 
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o Enthalpy 
e Oxygen Content 
• Pressure 

DISCUSSION 

Each of the parameters is now discussed individually in the following 
sections. (An appendix is provided at the end to explain how the values quoted 
in the discussion were obtained). 

Heating Rate; The cold- wall heating rate, q, levels being achieved in 
the Hot Gas Facility vary from approximately 0.6 to 4.4 Btu/ft^-sec. For 
the ET flight conditions, Rockwell predicts values from 0.0 to about 3.5 Btu/ 
ft -sec (Ref. 1) (NASA-MSFC predicts values considerably higher than these.) 
However, regardless of which values are selected for design, the effect of time- 
varying q can be taken into account properly by the computer program being 
developed. The Hot Gas Facility test levels are close enough to the flight levels 
to provide "safe" interpolation. 

Aerodynamic Shear; The shear levels being experienced in the Hot Gas 
Facility tests at an oxygen- to -fuel ratio (O/F) of IZ are calculated to be 0.16 
to 0.65 Ibf/ft^ while the predicted flight levels for the ET per Rockwell are 
0 to 1.9 Ibf/ft^. This situation presents a challenge because: (1) the simulation 
is on the low (unconservative) side, and (2) because it is felt that the foam 
materials are quite "shear- sensitive." There is no known way to accurately 
calculate the shear effect in the computer analyses without the use of experi- 
mental data. It is therefore desirable to run additional tests at the same heating 
rate as in the Hot Gas Facility, but at varying shear levels. Some qualitative 
idea of the shear sensitivity could be obtained by running a zero- shear test in 
a radiant heating facility. 


1. "Space Shuttle Program External Tank Project Induced Environment," 
Vol, n, SP-ET-00 02.1, Marshall Space Flight Center, Ala., March 1973. 
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Another aspect of the shear problem is that of what happens in a shock 
impingement area. The first part of the problem is to determine what the 
shear level is for the flight case and the second part is to try to simulate this 
in a ground test. The best practical solution to this seems to be to test the 
foam in the HGF in the region where a shock strikes the wall on the dome lid 
or oii the centerbody. This should also be supported by a study of how well 
the HGF shock angle, strength, velocity gradient, etc., simulate the flight 
values. 

Enthalpy; The term "enthalpy" as used in materials test work refers 
to the total or recovery value in the freestreara (or boundary layer edge) as 
opposed to the static value. In the HGF for an O/F = 12, the enthalpy is ap- 
proximately 3900 Btu/lb. In flight the value varies from 0 to about 600 Btu/lb 
at the time of max heating and about 13,000 Btu/lb at 500 seconds. Ablative 
material performance is affected by the enthalpy Level through the convective 
heating blockage in the boundary layer. As the ablator decomposes, it gives 
off gases which enter the boundary layer and form a layer of "cool," insulating 
gas at the surface. The higher the boundary layer edge enthalpy (or tempera- 
ture) becomes, the more effective this "cooling" mechanism becomes. If the 
HGF enthalpy is much higher than the flight value, the result would be to get 
more effectiveness in the ground tests than will be experienced in flight. This 
is undesirable because it is in the unconservative direction. If the HGF enthalpy 
io lower than the flight value the results will be conservative. This problem 
can be attacked analytically and an estimate made of this difference in effective- 
ness. This additional effect can then be corx'ected for the computer analysis. 
This should also be backed up by additional tests at additional enthalpy levels, 
perhaps in other facilities. Also the radiant lamp tests mentioned earlier should 
be of assistance in this problem. 

Oxygen Content: The Hot Gas Facility can simulate various oxygen content 

environments because it can be run using either air or gaseous oxygen as the 
oxidizer. Also each oxidizer can be run at various O/F ratios. Running with 
oxygen at an O/f of 13 produces an oxygen content at the sample test area of 
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about 36%. With air the content is near zero. (In flight the value is near 
20%). ©2 content affects the performance of an ablating material through 

chemical reactions which involves the use of oxygen. Generally in the higher 
temperature ablators, which form a carbon char layer, the surface gets hot 
enough to oxidize or burn at a rapid rate and oxygen content is a very critical 
parameter. However, with the foam materials it is felt that the surface will 
probably never get hot enough for this oxidization mechanism to become signif- 
icant; Rather, since the charring material is so fragile, it is felt that it will 
be kept swept away by the aerodynamic shear before reaching a high tempera- 
ture. (It is noted that this is still a hypothesis at the present time, and more 
study is needed for verification of the surface temperature). 

It has been shown by Thermogavimetric Analysis (TGA) data that oxygen 
does affect the reaction rate of the foam in a static gas environment. This is 
observed by running samples in air and argon. However, the reaction rates are 
essentially the same in air and argon up to about 850°F after which the air data 
show the sample reacting much faster than the argon data, if it can be shown that 
in a shearing environment the material surface is being removed before it reaches 
850°F then the oxygen content in ground tests versus flight will become insignificant 

Pressure: Pressure affects material performance in two ways. The 
first is through the heating rate and shear. The higher the pressures are, the 
higher the shear and heating rate will be. This part of the effect can be handled 
as discussed above under ’’heating rates,” and "aerodynamic shear." In the 
second part of the problem, increased pressures affect material response through 
providing more available oxygen to the surface for reactions. In this respect it 
affects performance in a way similar to oxygen content. Physically this is a 
combined effect of the two parameters which is the oxygen partial pressure or 
the product of percent oxygen content and "total" pressure. 

The Hot Gas Facility pressures are about 0.04 to 0.1 psia at the locations 
presently being used for tests. The flight values range from 14,7 to 0. At the 
point of maximum heating on the ET sidewall the pressure is approximately 5.5 
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psi at the time of maxium heating. At 500 seconds, which is near the time 
of the second heating spike, the pressure is only about .006 psia. Therefore, 
when applying the HGF results to the flight case, corrections must be made 
for pressure variation. The normal method of correlating ablation perform- 
ance data with pressure is to show recession rate as a function of temperature 
with an oxygen partial pressure term to the 0.4 or 0.5 power. This can be 
done with our existing computer program. However, this type correlation has 
been developed with data from materials which operate at much higher surface 
temperatures where the surface is rapidly oxidizing. Therefore, such an 
approach will be used with caution when being applied to the foam materials 
until more data become available. 

One approach to improving the simulation of oxygen partial pressure 
in the Hot Gas Facility is to run at additional O/F ratios. This varies the 
concentration and partial pressure. This will provide more data points 
to check the "0.4 to 0.5 power" form of correlation. 

Also, radiant lamp tests are being run at various pressures to study 
the oxygen partial pressure effect. 



Space Shuttle Thermal Support Contract 

Approved: 

Juan K. Lovin, Supervisor 
Thermodynamics &: Structures Section 
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Appendix 

This appendix is provided to explain how the values quoted in the main 
writeup discussion were obtained. 

Heating Rates; The heating rates quoted in the writeup were taken from 
the measured data in the Hot Gas Facility (HGF). The 0.6 value is for air/ 
hydrogen at a chamber pressure of 100 psia. The 4.4 value is for oxygen/ 
hydrogen at a chamber pressure of 110 psia. These are average values over 
the surface of the panels. 


Shear Stress Calculation Method: The shear stress was calculated from 
the following relation. 


w 


= C. 




-i. 

gc 


where 

V 

^=^f 

^e^e 

gc 

The skin-friction coefficient, C^, is calculated using Reynolds analogy which 
states that heat and momentum are transferred through the boundary Layer by 
analogous processes. Mathematically, 

= C/Z (A.l) 

where 

Stanton Number =h /p V C 

c' *^e e p 

heat transfer coefficient, Btu/ft -sec-°R 
specific heat, Btu/lbm-°R 



2 

= shear stress at the wall, Ibf/ft 

= skin friction coefficient 

= density" velocity at boundary layer edge, 
Ibm/fP, ft/sec 

= dimensional conversion factor, 32. Z 
ft-lbm/lbf- sec^ 


A-1 
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Therefore 

= 2 St = 2 h /p V C 
f c ^e e p 

The heat -transfer coefficient is determined from the heating rate (measured 
or calculated) as follows: (In this case HGE measured values were used). 


where 


q := h (T - T ) 

^ n ' aw w' 


or 


c aw w 


T - T 
aw w 


(A. 2) 


<1 


= heating rate, Btu/ft -sec 


T = adiabatic wall temperature, R 


av/ 

T 

w 


wall temperature, R 


so 


2 q 

Cf=(T -T)pVC 
V aw w e e p 


since 


C T 
p aw 

C T 
p w 


= H , adiabatic wall enthalpy, Btu/lbm 


aw 


= wall enthalpy, Btu/lbm 

Ai- 


(H -H ) pV 
' aw w e 


and 




w 


(H ) p V 

' aw w' . e e 


] [ gc 


q Ve 


w 


(H - H ) gc 
' aw w- ^ 


A- 2 
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The preceding derivations for a Prandtl number, Pr, of unity. For non- 
unity Prandtl number gases, a "modified" Reynolds analogy is used where 

-2/3 

(Pr^) ' is used as follows; 


-2/3 


w 


q V Pr 


(A.3) 


For the values stated in the writeup the "modified" method was used 
and T„ calculated as follows: 

q = measured value in HGF, 4.4 Btu/ft -sec 

V = velocity from Lockheed Method-of- 
^ Characteristics program, Ref. A-1. {Vq = 

12,000 ft/sec at the third nozzle section. ) 


The values of H , H are taken from a Lockheed PLIMP program 
aw w CO 

(Ref. A-2) run. {These are real-gas equilibrium values.) 

~ 3480 Btu/lbm (assuming a recovery factor of .89) 

H =210 Btu/lbm 
w 


-2/3 


-2/3 


= .6722 - 1^3^ Pris obtained from Svehla, 

Ref. A-3. (Rsal-gas, equilibrium value at our 
pressure and temperature) 


- - 4.4 X 12,000 X 1.3 _ / j. 2 

^w ~ (3480 - 210) (32.2) “ Ibf/ft 


These values are for an O/f of 12, burning oxygen/hydrogen, at a 
chamber pressure of 80 psi. 


For an air run with a Pc = 142 psia, O/F = 20 the shear calculation is 
as follows at the third nozzle sectio'n: 


r 

w 


q Ve Pr 


-2/3 



H^) (gc) 


q = 0.6 Btu/ft^-sec 


A-3 
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V = 7845 ft/sec 
© 

H = 1340 Btu/lb 
aw 

H = 222 Btu/lb 
w 

Pr = .74 (approximate) 

from which T = .I6lbf/ft , 
w 

Oxygen Content : O 2 content can be estimated as follows: 

For a stoichiometric condition the following chemical equation applies; 

O2 + 2 = 2 H^O 

Using molecular weights to convert this to weights: 

2 (16) + 2(2x1) X 2 (2x1416) 

32 lb oxygen + 4 lb hydrogen =36 lb HgO 

that is: for every 1 lb of hydrogen burned, 8 lbs of oxygen are required. 

Assume we are running at an oxygen to fuel weight ratio, O/F, of 13. 

Then for each i lb of H 2 we use 8 lbs of and 5 lbs "excess" producing 
9 lbs of H 2 G and 5 lbs of "free" O^. The ratio of free oxygen in the flow is 
then 5 / 14 , or 35. 6%, 

The computer programs used at Lockheed use a more sophisticated 
method taking into account real gas effects (dissociation and ionization). Chem 
ical equilibrium is assumed at each temperature. The methods are contained 
in the "CEC" program, Ref. A-4. Results of this program for a Pc = 80 psi, 
O/f = 12 oxygen/hydrogen are as follows: 


- ■ ■ a-4. : 
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© 

© 

© 

© 

© 


Mole 

Molecular 

© 

0 

Mass Fraction = 

Species 

Fraction 

Weight 

(^/Molecular Wt., Mixture 

H 

.0293 

1.0 

0.029 

0 

0 

.0394 

16.0 

0.63 

0.0334, (3.0%) 


.0001 

33.0 

0 

0 

OH 

.123 

17.0 

2.09 

0.111, (11,0%) 

^2 

.055 

2.0 

0.11 

0 

"^2 

.168 

32.0 

5.34 

0.287, (28.7%) 

H 2 O 

.585 

18.0 

10.60 

0.56, (56.0%) 




Total 0.991 (99.0%) 


For the air/hydrogen case it can easily be shown that there is no free 
02* This is because for stoichiometric conditions the o/f is near 40. We 
are running the HGF at o/f of about 16 with air. This means that we are 
very fuel {H 2 ) rich and all available is completely used up. 

The air/hydrogen stoichiometric O/F condition of 40 can be shown approxi 
mately as follows; As shown earlier we need 8 lbs of for each 1 lb of 
H 2 ’ Also, in air we have about 4 lbs of N 2 for every 1 lb of 02- Therefore, 
for each 1 lb of we have 8 lbs of O 2 and 32 lbs of N 2 for a total of 40 lbs 
of air for every 1 lb of H 2 * 

Pressures: The pressures quoted in the writeup for the HGF are 
measured values averaged over the panel area. The low value of 0.04 psia 
is for the air runs on the top panel, the high value of 0.1 psia is for an oxygen 
run on the side panel. The flight values quoted are from North American/ 
Rockwell (Ref. A- 5). 


The molecular weight of the mixture is 18.78. 
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Addendum I 

Equation A -3 should read: 


rather than; 


w 


q 


w 


qV Pr"^/^ 

^ e e 

(H - H ) g 
' aw w ®c 


This yields a corrected value of 

= 0.39 Ibf/ft^ 

rather than 

= 0.65 lbf/£t^ 

for the oxygen/hydrogen, O/F = 12 case, and 

T = 0.11 Ibf/ft^ 
w 

rather than 

= 0.16 Ibf/ft^ 

for the air/hydrogen, O/F = 20 case. 
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FOREWORD 


This report presents the results of heating rate analyses performed by personnel 
of the Lockheed-Huntsville Research & Engi^t'sering Center under Contract 
NAS8-Z5569. The NASA Contracting Officer's Representative (COR) for this 
study is Dr, Kei.neth E. McCoy, EP-44. 


INTRODUCTION AND SUMMARY 

Analytical studies to predict the heating rates for sea level testing of the SSME 
using the F- 1 water-cooled test stands at North American Rockwell and the 
NASA Mississippi Test Facility have been conducted. The purpose of the studies 
was to determine if the water flow rate was sufficient to keep the flame bucket 
cooled for sustained SSME testing. Since the heating rates for the F- 1 were 
unknown from previous tests, analyses for both the SSME and F-1 were per- 
formed for comparison and are presented herein. 


TECHNICAL DISCUSSION 

Heating rate analyses for the SSME and F-1 were performed to determine if 
the F-1 test facilities were adequate for SSME testing. The exhaust plume flow 
fields were predicted using the GASL mixing program (Refs. 1 and 2) assuming 
equilibrium chemistry to obtain the fluid properties along the flame bucket 
upstream of the shock. 


A small computer program using the techniques presented in Ref. 3 was developed 
to obtain the fluid properties downstream of the shock. Shock angles at various 
locations along the flame bucket were calculated using the weak shock solution 
for attached shocks. At any location where shock angle solutions could not be 
obtained a parallel shock was assumed, 


For the attached shock, the flow properties directly behind the shock were 
used as the local flow conditions. However, additional calculations are necessary 
to obtain the local flow conditions behind the parallel shock. After passing the 
flow through the parallel shock, the turning angle was calculated. Either a com- 
pression or an expansion was then used to calculate the local flow conditions. 
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The local flow conditions were used in the Multiple Pressure Gradient Pro- 
gram {Ref, 4) to obtain the heating rates. The program is based on the Blasius 
flat plate heating method modified to use Eckerts' reference enthalpy solution 
for evaluation of the boundary layer properties, The method is further modi- 
fied to use an equivalent characteristic running length obtained by integrating 
the variable flow properties along the boundary layer edge from the plate lead- 
ing edge to each particular location. 


RESULTS AND CONCLUSIONS 

Comparisons were made between the SSME and F-1 calculated heating rates 
along the flame bucket and pressures throughout the exhaust plumes. Figures 
1 and 2 present the flame bucket heating rates for the SSME and F-1, respectively. 
Using Figs, 1 and 2, it was determined that the total heat load for the F-1 is 
approximately 60% greater than for the SSME; however, the maximum heating 
rate for the SSME is approximately 60% higher than for the F-1. It was con- 
cluded that the same amount of coolant used in the F-1 testing would be more 
than adequate for the SSME, but it would be necessary to change the coolant 
injection hole patterns to compensate for the high heat flux area of the SSME 
plume. 


Figures 3 and 4 present the pitot pressures along the flame bucket, v/hile Figs. 
5 and 6 show the pitot pressures along the plume centerlines as a function of 
distance from the exhaust planes for the SSME and F-1, respectively. From 
these data it was determined that the maximum static pressures encountered 
would be 58,4 psia for the F-1 and 80,8 psia for the SSME at a distance of 
approximately 57 ft from the nozzle exit planes for a 3 deg cant angle. Also 
shown on Fig. 5 is a comparison of the pitot pressures presented in Ref, 5 and 
those calculated using the program presented in Refs, 1 and 2, Based on the 
maximum static pressures along the flame bucket, existing facilities pressures 
were determined to be adequate. 




Approved: 


R . O. Kcdden 

Heat Protection Systems Group 

William G. Dean, Prqj^ct Engineer 
Space Shuttle Thermal Support Contract 
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Attach; (1) References 

(2) Figs. 1 through 6 
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DETERMINATION OF THERMAL CONDUCTIVITY OF BX 250 FOAM 
INSULATION FROM BOILOFF RATE AND FOAM TEMPERATURE 
DATA FROM 20 -INCH LH 2 TANK 


FOREWORD 


This report presents the results of a data analysis task performed by personnel 
of the Lockheed -Huntsville Research & Engineering Center under Contract NAS8- 
E5569. The NASA Contracting Officer's Representative (COR) for this study is 
Dr. Kenneth E. McCoy, SSiE-ASTN-PTC. 

INTRODUCTION AND SUMMARY 

The LH^ boiloff rates from the ZO-inch tank and the temperatures at dif- 
ferent depths in the BX Z50 foam, lined on the outside along with a thin ablative 
insulation, were available from several tests. These tests were run by the 
MSFC-NASA Test Division. From the boiloff data, the heat transfer rate was 
obtained. Because the ablative insulation did not cover the entire tank, but just 
the cylindrical part, a corrected heat transfer rate through the cylindrical portion 
was obtained knowing the rate through the BX. Z50 foam on the hemispherical 
part of the tank. The thermal conductivity evaluated for the foam was plotted 
against its mean temperature and a straight-line "least squares" fit of the 
points was obtained. The resulting curve compared favorably with the Rockwell 
International thermal conductivity curve for BX 250 foam which wjas obtained 
from NASA-MSFC. 

TECHNICAL DISCUSSION 

Figure 1 is a sketch of the 20 -inch LH^ tank lined on the cylindrical part with 
an ablative insulation and BX 250 spray foam and with BX 250 foam only on the 
hemispherical segments. Various tests were performed on the tank with ablative 
materials such as cork, high density foam, Raybestos (silicone sponge rubber) 
SLA-561 andSS-41. Tests were also run with BX 250 alone. With each insu- 
lation the tank was filled to a certain level with LH 2 . It was allowed to stand 
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for sufficient time in room condition environment for the thermocouples, em- 
bedded at premeasured depths in the foam, to reach steady state values. The 
LH 2 boiloff and the temperature data for all the tests were available and some 
of the typical data are presented in Table 1, 

The heat transfer rate through the tank is calculated as follows; 


where 


q 



Btu 

ft^-hr 


m = LH 2 'bo.il off rate, Ibm/hr 

h^^ = heat of vaporization of Btu/lbm 

2 

A = wetted area of tank, ft 

(obtained from an level sensor) 

Since, for most of the tests, the cylindrical part of the tank is lined with an 
ablator and foam and the hemispherical segments with the foam alone, the 
heating rate q, as calculated above, is not the same through the two sections 
of the tank. In order to obtain the actual heat transfer rate (see Fig. 1) 
through the ablative and foam layers, it is necessary to know the heat transfer 
rate through just the foam layer on the bottom hemispherical segment. 
Fortunately, q^ can be obtained from one of the tests performed with the tank 
having an identical thickness of BX 250 foam all around it with no ablator. 


That is: 


where 



m - h - 

f fg 


Btu 

ft^-hr 


rh^ = boil-off rate in BX 250 foam tank, Ibm/hr. 

2 

= wetted area in BX 250 foam tank, ft . 

2 
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Therefore, the true heat transfer rate through ablator -foam insulation, qj , 
is obtained from the following heat balance: 


q A = Aj + ^2 


where 

Aj = wetted area in the cylindrical tank portion, ft^ 

2 

A^ = hemispherical tank segment area, ft 
A = Aj + 


With the true value of theheat transfer rate, , through the ablator and foam 
layers, the thermal conductivity is obtained from 


K 





Btu 

ft^-hr 


where 

K = thermal conductivity of foam, Btu -in/hr -ft -°F 

= thickness of foam in. 

Tpj, = temperatures across thickness Ax of foam, °F 

The thermal conductivity thiis evaluated is tabulated in Table 1 with the mean 
temperature. 
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RESULTS AND CONCLUSIONS 


A plot (Fig. 2) of the thermal conductivity of the BX 250 spray foam was made 
against the mean temperature of the foam. A straight line "least squares" fit 
of the points was used. As Fig. 2 shows, this characteristic compares fairly 
well with a similar Rockwell International curve obtained from NASA-MSFC. 
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Fig. 1 - Cross-Sectional Sketch of 20-Inch Tank Showing 
The Ablator and Foam Insulation 
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Fig. 2 - BX 250 Foam Thermal Conductivity vs Average Temperature Compared 
with Rockwell International Data from NASA-MSFC 
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Table 1 

20-INCH LH TANK TEST DATA AND THERMAL, CONDUCTIVITY 
^ OF BX 250 FOAM 


T&nk 

TnaiiUtSon 

ra.l/FUl No. 

LHj 

DolloK 

Ibm/hr) 

Waned 
Haight in 
Cyln. Portion 

(ln.» 

AX 

Un.) 

’'h 

'*’c 

T 

njean 

K 

Btu-in 


<°F) 


BX 250 

005/1 

6.05 

43.8 

11/32 

65.6 

-20.6 

22.4 






10/32 

6B.4 

- 8.2 

30,1 



006/1 

5.52 

42. 55 

11/32 

54.9 

-29.5 

12.7 






10/32 

56.6 

-IB.l 

19,3 


Cork/BX 250 

003/2 

5.4a 

42.0 

9/32 

52.1 

-I6,B 

17.7 

.190 






49.3 

-25.1 

12.1 

.176 





3/4 

52.1 

-338.9 

-143,1 

,089 






42.4 

-336.4 

-147,0 

.092 


004/1 

6.62 

42.0 

15/32 

-17.1 

-343.4 

-iao.3 

.084 






-Z5.5 

-345.5 

-185.6 

.085 

BX 250/High 
Density Foam 


4.8 

42.6 

11/32 

14.5 

-57,5 

-57.5 

.186 





10/37 

19.2 

-45.8 

-13.3 

.lae 



4.7 

4Z.0 

11/32 

16.5 

-57.7 

-20.6 

.176 





10/32 

19.4 

-54.2 

-12.9 

.184 

Raybeatot/BX 250 

013/1 

7. SB 

42.0 

3/a 

-109.8 

-321.4 

-215.6 

.121 





1/2 

-59.7 

-335,7 

-197.7 

.124 





3/4 

ZZ.5 

-336.0 

-156.B 

.143 





7/8 

70.6 

-321.4 

-125.4 

.152 





7/8 

71,0 

-335.7 

-132.4 

.147 





7/B 

74,4 

-336. 

-13C.8 

.145 





1/Z 

70,6 

-109.8 

-19.6 

.189 





3/8 

7!.0 

-59.7 

-5,7 

.195 





l/B 

74.4 

1 . 

22.5 

48.5 

.164 

BX 250/SLA-56I 

015/4 

7.2 

42.0 

5/32 


-250.4 

■201.9 

.103 





s /16 


-229.6 

-146.0 

,120 





1/2 


-251.2 

-123.5 

IZf) 





15/32 

67,0 

-153.3 

-43.2 

.137 





11/32 

64,1 

-62,3 

0.9 

175 





5/32 

66,8 

4,3 

J5.6 

.]hi 

BX 250/54-41 

019.4 

6.15 

43.82 

3/16 

-128.7 

-224.5 

-176,6 

iMa 





7/16 


■ 239.3 

-142.6 

.115 





9/16 

■i 

-212.7 

-103 2 

.131 





19/32 

6B.B 

-128.7 

-30 0 

.153 





11/32 

69.2 

-45.9 

n.7 

.152 





7/32 

67.6 

6.4 

37 0 

182 





25/32 

6H.H 

-224.5 

-77,9 

.135 





25/32 

69.6 

-239.3 

-85. 1 

.129 





25/32 

67.6 

-212.7 

-72.6 

.142 
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Appendix F 

Dean, W. G. , "Average Recession Rate vs Heating Rate of BX-250 Foam 
Panels in the NASA-MSFC Radiant Lamp Test Facility," LMSC-HREC 
TN D390468, Loclcheed Missiles & Space Company, Hunts viHe, Ala., 
December 1974. 
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TECHNICAL NOTE 


Huntsville Research & Engineering Center 

I I Contract nass-25569 Date Dec. 1974 Doc. l,msc-hrec tn D 390468 

I ; 1 1^ . IILI Mill _ 

Title* AVERAGE RECESSION RATE VERSUS HEATING RATE OF BX-250 FOAM PANELS 
; i * IN THE NASA-MSFC RADIANT LAMP TEST FACILITY 


FOREWORD 

This report presents the results of a data analysis task performed by personnel 
of the Lockheed-Huntsville Research 8r Engineering Center under Contract 
NAS8-25569. The NASA Contracting Officer's Representative (COR) for this 
study is Dr. Kenneth E. McCoy, EP-44. 


INTRODUCTION AND SUMMARY 

.1 

. T 

L The average recession, the heating rate and the duration of test for the 12x17 in, 

BX-250 foam panels tested in the radiant lamp facility were available for several 
tests, These tests were run by the NASA-MSFC Test Division, The recession 
rate of the foam was calculated and plotted against the heating rates at the center 
of the panel. The resulting curve, when compared with similar characteristics 
obtained from the NASA-MSFC Hot Gas Facility and the Langley Arc Jet Facility, 
i indicated much smaller recession rates. This is true because there is no shear 

on the foam in the radiant lamp tests. 


TECHNICAL DISCUSSION 

Figure 1 is a schematic of the calibration panel with a heat flux sensor located 
in the middle of the panel. Another heat flux sensor was mounted next to the 
panel and readings on these two sensors were obtained simultaneously for a 
desired range of heating rates. During the actual foam tests, the outer sensor 
served as a reference for obtaining the desired leating rate in the middle of 
the panel. 


The aveiage recession of the BX-250 foam, the pre- calibration and post-calibra- 
tion heating rates on the panel center and the duration cf each test performed 
in the radiant lamp facility were available for about 16 tests, Table 1 lists this 
data and also the average recession rate which is obtained as follows: 


Recession Rate, 


_ Average Recession, in. 
Duration of Test, sec. 


Figures 2 and 3 show plots of the recession rate versus foam center 

post- calibration heat fluxes respectively. Similar characteristics obtained 

from tests performed on panels in the Hot Gas Facility and the Langley Arc Jet 
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Facility are also shown. The radiant lamp test numbers are indicated near 
their corresponding data points in the figures. However, it should be noted 
that points for tests 36, 37 and 38 are not plotted. It i« believed that the data 
are bad for these three tests as the heat flux sensors were replaced after test 
38. 


RESULTS AND CONCLUSIONS 


It is seen from Figs. 2 and 3 that the average recession rates of the BX-2 50 
foam in the radiant lamp tests are much smaller than the rates obtained in the 
other two facilities. This is due to the absence of shear forces on the panel 
in the static radiant lamp tests, 
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Table 1 



■■ J- 

1 

T est 
No. 

Panel 

Q, Reference 
(Btu/ft- -sec) 

Pre-Cal. 

Q, Center 
(Btu/ft^ -sec) 

Post-Cai. 

Q, Center 
(Btu/ft '-sec) 

BX-250 
Foam Average 
Recession 
(in.) 

T est 
Duration 
(sec) 

1 

Average 
Recession 
(in. / sec) 

P-009-18 ' 

C 

1.13 

2.50 

2.43 

, 058 

75 

.000774 

19 

D 

1.46 

3.25 

3.25 

. 099 

50 

. 00198 

20 

J 

1.14 

2,50 

2.64 

, 044 

75 

. 00059 

21 

G 

1.40 

Not available 

3.36 

, 156 

50 

. 00175 

22 

H 

.735 

1,65 

1.80 

, 062 

150 

. 00041 

23 

E 

1.08 

2,50 

2.65 

. 068 

84 

.00081 

31 

K 

.46 

1.164 

1.164 

. 010 

150 

. 00007 

32 

L 

1,14 

2.50 

j 

2.604 

. 102 

79 

.00129 

33 

M 

1.78 

■ 3.70 

3.75 

. 124 

50 

, 00248 

34 

N 

.905 

1,60 

1,80 

. 146 

147 

. 00099 

35 

O 

1,41 

2.85 

2.83 

, 129 

75 

. 00172 

36 

P 

1,76 



. 181 

53 

. 00342 

37 

Q 

,805 



. 115 

148 

. 00078 

38 

R 

1,41 


❖ 

. 263 

76 

. 00346 

39 

S 

1.41 

3,216 

3.216 

. 107 

51 

. 00210 

40 

T 

1.76 

4.2 5 

3.994 

. 224 

54 

. 00415 


Bad data; not used 
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FOREWORD 

This report documents the results of a test program 
conducted by NASA-Langley Research Center in support of 
the NASA-MSPC development of the Space Shuttle External 
Tank, The tests were conducted by NASA-Langley and were 
planned and monitored by NASA-MSFC with support from 
Lockheed-Huntsville. CPR-421 foam samples were supplied 
by the Martin Marietta Corporation, Michoud Operations, con- 
tractor for the External Tank, 

The Lockheed-Huntsville support was conducted under 
Contract NAS8-25569, "Space Shuttle Thermal Support." The 
NASA-MSFC contracting Officer's Representative for this con- 
tract is Dr. Kenneth E. McCoy, EP44. 
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SUMMARY 

A series of tests of the CPR-421 foam material was rtm in the Langley 
Continuous Flow Hypersonic Tunnel (CFHT) facility at a Mach number of 
10. The material specimens were mounted on the flap of a flat plate/wedge- 
type model. Tunnel conditions were held constant and the local heating rate 
and pressure to the foam surface were varied by changing the flap deflection 
angle. The boundary layer was tripped to turbulent flow using trip strips. 

This report describes these tests and the foam performance results. 
There was a large amount of scatter in the data. The foam performed better 
in tliC CFHT than in the Langley Arc Jet Facility tests, but it still developed 
streaks in its surface. 


Ill 
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Section 1 
INTRODUCTION 

The Space Shuttle External Tank (ET) has an external insulation material 
known as CPR-421. This material serves both as a cryogenic insulation and 
a thermal protection system (TPS) material to protect the tank skin from 
aerodynamic heating during ascent. CPR-421 is sprayed directly onto the tank 
skin. It has a nominal density of two pounds per cubic foot. 

Some of the initial convective heating tests of this material were con- 
ducted in the Langley Arc-Jet facility. In these tests the CPR-421 showed 
better performance, in general, than BX-250, the previous ET/TPS material. 
However, the CPR-421 developed streaks in its surface. At the time of 
these tests it was felt that these streaks might possibly be due to some anom- 
alies in the arc-jet flow field such as turbulence, vortices, unsteadiness, pres- 
sure aradients, etc. Therefore it was decided that additional tests should be 

■o ' 

run in another facility. The Langley Mach- 10 Continuous Flow Hypersonic 
Tunnel (CFHT) was selected for the next series of tests. These tests were 
conducted during December 1974. 

The NASA-Langley Test Engineers on this project were Mr, J. Dunavant 
and Mr. T. Blackstock; the NASA-MSFC Test Engineer was Mr. R. Lopez, and 
the Lockheed-Huntsville Test Engineer was Mr. W.Dean, 
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Section 2 

TECHNICAL. DISCUSSION 


Za TEST FACILITY 

The Langley Mach 10 Continuous Flow Hypersonic Tunnel (GFHT) has a 
31 -inch square test section and operates at a nominal Mach number of 10.4. 

A detailed description of this tunnel is given in Ref. 1. For these particular 
tests the total temperature and pressure were approximately 1350°F and 900 
psi, respectively for all runs. 

2.2 MODELS 

2.2.1 Wedge/Flap Model 

Figures 1 and 2 show photographs of the stainless steel model used to 
hold and test the foam specimens during these tests. This model was furnished 
by Langley and had been used in previous tests in this same tunnel (see Ref. 2). 
Dimensions of this model are shown in Fig. 3. This model is basically a flat 
plate wedge with a flap at the rear. The f*ap can be deflected in both the posi- 
tive and negative (up and down) directions. The gap between the flap and wedge 
was not sealed. (This was recommeded by Langley personnel.) The wedge can 
also be run at positive and negative angles of attack. For these tests the wedge 
was run at +12 degrees and -12 degrees angle of attack. The flap was then de- 
flected into the flow at 5, 10, 15 and 20 degrees from the wedge model centerline. 
Three rows of "trip strips" were also used on the model upstream of the flap to 
trip the boundary layer and obtain turbulent flow upstream of the flap. The trip 
roughness height was approximately .040 inch. 

Modifications to the original model (as shown and used in Ref. 2) were 
made by the NASA-MSFC shops, according to the design changes and drawings 
made by Lockhe ed -Hunts ville. These modifications consisted of providing a 
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recessed area in the lower portion of the flap in which the foam specimens 
were located and secured in place. This recessed area was six inches wide, 
five inches long, and one inch deep. 

Also a calibration block was made to obtain heating rates in this region 
where the foam was to be placed. This Stycast block was cast against a piece 
of foam which had been tested in another facility. This gave it the same sur- 
face texture as a receding foam specimen surface. 

Several thermocouples in the upper flap surface were used to obtain 
heating rates on that surface by the thin-skin calorimeter method. Pressures 
were also measured on this upper flap surface. Also a thin-skin calorimeter 
insert with four tnermocouples was made for measuring the heating rates on 
the lower flap surface. 

2.2,2 Foam Specimen Models 

The Martin Marietta Corporation (MMG), Michoud Operations, furnished 
38 samples of CPR-421 foam for these tests. The densities, and panel numbers 
of tixese samples are shown in Table 1 as provided by MMC. None of the foam 
specimens tested in this series of tests had "knit lines." These "knit lines" are 
seams between layers of the foam, caused by overlapping of the spray from dif- 
ferent sprayer nozzles as they pass over a given point on the tank siirface. 
These specimens were intentionly selected without "knit lines" because it was 
noted in previous tests that these "knit lines" are a different density and seemed 
to cause a different recession rate of the surface. It was hoped that the elimi- 
nation of the knit lines would eliminate one of the variables in obtaining a reces- 
sion rate prediction. 

2.3 TEST PROCEDURE 

The CFHT has a quick injection system which injects the model into the 
flow. The tunnel is started, the flow is established at the proper total con- 
ditions, and then the model is inserted into the flow field. Insertion time is 
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less than one second. This allows a step change in the heating rate to the 
model/specimen which is required for the thin-skin and Stycast/phase change 
heating rate measurement methods and also gives a time-zero for foam heating/ 
recession effects data. 
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Section 3 

RESULTS AND DISCUSSION 

3.1 ENVIRONMENT MEASUREMENT RESULTS 

Before the tests, the heating rates and pressures were predicted using 
data from Ref. 2. The data from Ref. 2 were obtained with turbulent flow and 
for tunnel conditions different from our planned run conditions. These data 
were converted to our planned total temperature and total pressure conditions 
for turbulent flow. The results of these predictions are shown as Figs. 4 and 
5. During the tests, heating rates were measured on the upper flap surface 
using 10 thermocouples down the flap centerline. Next, the Stycast calibration 
block was used to obtain heating rates on on the flap lower surface using the 
phase change coating/semi-infinite slab conduction technique. However there 
was some differences in the values measured on the top of the flap and on the 
bottom of the flap. Since the flow was axisymmetric and the flap angles and 
angles of attack were the same with respect to the flow, the heating rates should 
be the same on the top and bottom of the flap. At this point it was decided to 
make a thin-skin calorimeter insert to check the flap bottom side heating rates. 
This insert had four thermocouples down its centerline. Heating rates from 
this insert agreed more closely with the Stycast-measured heating rates than 
did the upper surface values. The reason for this difference between the top 
and bottom was never completely resolved. As a means of checking the Stycast 
heating rates, the following calibration procedure was used. A small sample, 
approximately 1.5 inches square, was cut from the Stycast model. This model 
was sent to the Langley phase -change technique calibration facility where the 
effective lumped thermal property, density, specific heat, and conductivity 
product (pCpK), was determined. This is done by applying various known radi- 
ant heating rates to the sample surface and determining the melt times for 
various phase-change coating temperatures. The results of this effort are 
documented in Ref. 3 and presented in Table 2, Results of these heating 
rates measurement efforts are shown on Fig. 6. Also shown on Fig. 6 
are the predicted va! les, for comparison purposes. vSince Langley 
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personnel rccomn^end use of the tMn-skin upper surface data as being 
the most accurate, cui*ves were faired through these data for use as the 
final heating rate values for use in the subsequent heating rate/recession rate 
correlations. 

Measured pressures did not present any particular problem and are 
presented in Fig. 7 and compared to predicted values. As seen these agree 
quite well with predicted values. 

Figure 8 presents the calculated shear levels on the Eap at various flap 
angles. These values were determined using Reynold's analogy as follows: 


where 


T 


^ (Pr 
^^^aw " ^w^ ®c 


q 

H 

aw 

H 

w 

Sc 

Pr 


2 

aerodynamic shear, Ibf/ft 
/ 2 

heating rate, Btu/ft -sec 
adiabatic -wall enthalpy, Btu/lbm 

wall enthalpy, Btu/lbm 

dimensional conversion factor = 32.2 ft-lbm/lbf-sec 
Prandtl number 


The recovery temperature and enthalpy for these tests were approxi- 
mately 1810°R and 410 Btu/lb, respectively. 

The boundary layer thickness on the flap for these tests is undetermined. 
This is because there is a strong shock/boundary layer interaction at the flap/ 
wedge junction. The high pressure behind the shock feeds upstream of the 
shock through the subsonic portion of the boundary layer, causing a significant 
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thickening of the boundary layer both upstream and downstream of the f?ap 
shock, and perhaps a separation bubble. This makes it very difficult, if not 
impossible, to calculate an accurate boundary layer thickness. Also no 
schlieren or shadowgraphs were taken because of the two end plates on either 
side of the flap. 

3.2 FOAM PERFORMANCE RESULTS 
3-2.1 General 

A total of 23 foam specimens was tested in this series of runs. In gen- 
eral, the foam performance looked better than in the Arc-Jet environment. 
However, the material still "streaked" at the higher heating rate and shear 
levels. These "steaks" were observed to begin to take place at the flat angle 
of 15 degrees and were, of course, more pronounced and well defined at the 
maximum flap angle of 20 degrees. This was at heating rates at the foam 
center of approximately 9 and 13 Btu/ft -sec for flap angles of 15 and 20 de- 
grees, respectively. The corresponding shear levels are 3.3 and 4.6 Ibf/ft^. 
The maximum test time was 20 seconds because the tunnel was being run in 
the blowdown mode. Longer test times and bigger panels would be useful for 
evaluation of the further growth of the "streaks." 

Figure 9 shows a typical post-test foam sample (Model CPRL 19). This 

model was tested for 15 seconds at a centerline heating rate of 5.9 Btu/ft -sec 

2 

and a shear level of 2.3 Ibf/ft , As seen in Fig. 9 this sample did not develop 
any "streaks." Figure lu shows a model which did develop "steaks" (Model 
CPRL- 16). This model was tested for 15 seconds at a heating rate of 13,0 Btu/ 
ft -sec and a shear of 4.5 Ibf/ft 

3.2.2 Correlations of Foam Recession Data 

Quantitative results of these tests are shown in Tables 3 and 4. The 
initial thickness of each foam sample was measured at three places along its 
centerline. These locations are 1 inch from the leading edge, at the center, 
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and 3,75 inches from the leading edge. Post-test thicknesses were measured 
at these same locations. These post-test measurements were made by two 
methods. The first was to measure the "minimum avei-age" recession. This 
was done by laying a thin metal strip across the sample and measuring the 
thickness at the top of the "humps" left by the streaks. (On samples where no 
"streaks" occurred this v/a.s, of course, just the sample thiclmess including 
the char layer.) The second method was to measure to the bottom of the deepest 
grove or "streak" to obtain the "maximum" recession. Results of these two 
measurements were then used to obtain a recession rate by simply dividing 
the total recession by the total run time. These recession rates were then 
used to plot against cold wall heating rates as shown in Figs. 11 and 12 for 
"minimum average" recession and maximum recession, respectively. The 
reason for attempting this method of correlation was that it worked well 
for a similar material (BX-250). Flowever, as seen in Figs. 11 and 12 there is 
a large amount of scatter in these data. Attempts were made to reduce this 
scatter by remeasuring the sample final thicknesses but this did not help. 

Also the effect of run time on scatter was checked out. It was felt that perhaps 
the recession was not linear with time — which is assumed when determining the 
rate using the total run time. However no consistent effect of run time on 
scatter was found while examining the data. For example on a given run, 
(sample CPRLi-8) there is a variation in the recession rate of from 14 to 52 
mils per second with a heating rate variation of only 11.7 to 13.0 Btu/ft -sec. 
Some of the scatter is due to the difficulties in obtaining a truly representative 
measurement of the post -test sample thickness due to the roughness of the 
samples and nonuniform recession in both streamwise and chordwise directions. 
Also some of the scatter is due to sample-to-sample variations. The amount 
attributed to each is, of course, unknown, 

A straight line, least squares fit was taken for the data of Figs. 11 and 12, 
and the equations of these lines are shown on the figures. Figures 13 and 14 
show this same type of an approach except that hot wall heating rates are used. 
These hot wall values are based on a wall temperature of 960°R. 
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Another approach to smoothing and correlating these data 'vas also tried. 
This approach was successfully used in correlating the BX-250 foam recession 
data, in this approach the recession is plotted versus run time for all samples 
which are run at at given heating rate. The best straight line is then taken 
through these points and the slope of this line gives the average recession rate 
in mils per second. Figures 15 through show the results of this attempted 
correlation. As seen from these figures it was not possible to obtain any rea- 
sonable straightline or slope from this method due to the data scatter. The 
third type correlation of these data was to plot char thickness versus total heat 
load. Results of this are shown in Fig. 24, Measurements were made at the 
center of each sample. Again there is a considerable amormt of scatter in the 
measurements but an attempt was made to put curves through these data for 
each heating rate level. 

On three of the samples (CPRL-16, 17, 18) an attempt was made to 
retard the streaking by bonding a thin strip of glass cloth, dipped in epoxy, on 
the downstream surface as shown in the following sketch; 



The reason for doing this was that it was felt that the pressure gradient along 
the cracks or streaks greatly increased their rate of growth. That is, when 
a crack developed in the char layer, the flow down the crack was greatly 
accelerated when the downstream end of the crack "felt" the low back pres- 
sure at the base of the flap. This large pressure gradient, from the flap 
pressure to the base pressure, should normally cause a high flow rate and 
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high heating rate along the sides of the crack. This would be especially true 
in a situation with a thin boundary layer where the hot outer layers of the 
boundary layer could be drawn through the crack. 

When models CPRLf-16 and 17 were run it was not evident that the epoxy 
strips helped the "streaking" problem. Rather the epoxy strips eroded at about 
the same rate as the foam, and the models "streaks" still developed. (Model 
CP 'L-18 was not tested.) 
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Section 4 

CONCLUSIONS AND RECOMMENDATIONS 


As a result of this series of tests, the following conclusions and recom- 
mendations are made; 

The CPR-421 foam streaks are not peculiar 
to the Arc Jet facility. 

® The CPR-421 foam shows better recession 
performance than the BX-250 foam. 

® There was a large amount of scatter in the 
data. This was apparently due to; 

® " sample-to-sample” variation 

® difficulty in obtaining a representative 
recession measurement due to nonuniform 
recession in both streamwise and chordwise 
directions 

© Additional CPR-421 tests are needed in other 
facilities which would allow for; 

® Larger size panels 

& Longer test times 

Q Smaller pressure gradients along the 
sample length 

e Thicker boundary layer. 

This should help in the further understanding of the causes and possible solu- 
tions to the streaking problem. It will also allow for greater total reces- 
sion and char layer thiclmesses which will allow for more accurate measure- 
ments and, hopefully, less scatter. 
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u 

I I « An attempt should be made to model the CPR-421 

performance on a charring ablation computer code. 
Since the CPR-421 does chc r and not just "recede'' 

' j as the BX-250 does, it cannot be expected to cor- 

l relate with heating rate alone as was the case with 

the BX-250. {This modeling would, of course, be 
j \ without regard to the streaks — just the normal 

! I ablative/charring process.) 

* An attempt should be made to strengthen the hot 
1 { char matrix to prevent initiation of cracks which 

can develop into streaks* This should be possible 
through the use of additives such as chopped silica 
i ] fibers or other ingredients which will provide a high 

' j viscosity melt layer as the char forms and stabiliaes. 
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Table 1 

DENSITIES FOR CPR-421 SAMPLES TESTED IN LANGLEY MACH 10 CFHT FACILITY 

{Notes; Average density = 2,187 Ibm/ft ; maximum density is 8.5% 
over average; minimum density is 6.1% less than average.) 


j Model 

Density 

Tiber 

(lbm/£t3) 

1 

2.054 

2 

2.173 

3 

2.074 

4 

2.153 

5 

2,106 

6 

2.100 

7 

2.277 

8 

2.168 

9 

2.107 

10 

2.191 

11 

2.160 

12 

2,071 

13 

2.299 

14 

2.118 

15 

2.191 

16 

2.249 

17 

2.162 

18 

2.212 

19 

2.317 

20 

2.257 

21 

2.120 

22 

2.289 

23 

2.285 

24 

2.328 

25 

2.237 

26 

2.133 

27 

2.279 

28 

2.218 

29 

2.140 

30 

2.115 

31 

2.162 

32 

2.165 

33 

2.184 

34 

2.372 

35 

2.160 

36 

2,212 

37 

2.116 

38 

2.150 


reprobticibilot op the 
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Table 3 

average minimum recession and maximum recession at three 

LOCATIONS ON EACH SAMPLE 
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Table 4 

AVERAGE MINIMUM AND MAXIMUM RECESFION RATE, COLD-WALL AND HOT -WALL HEATING RATES 
AT EACH OF THREE LOCATIONS FOR EACH SAMPLE TESTED 
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Support 


St rut 


End Plates 


Injection System 
Tunnel Wall Plate 


Wedge Fixt\ire j 


Fig. 1 - Wedge Model with Foam Specimen Mounted in Flap ~ Bottom Side 
Only (NASA Photo) 
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Fig. Z - Wedge Model Showing Top Surface with Flap Thin Skin Calorimeter 
Installed (NASA Photo) 
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Fig. 3 - Sketch of Model (from Ref. 2) 
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Fig. 7 - Comparison o£ Predicted and Measured Pressure Distributions on Fiap 
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Fig. 8 - CalcixLated Shear Distribution on Flap (calculated using measured 
heating rates and calculated velocities) 
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1. Heating rates based 


on wall temperature 
of 530°R. 


2. Recession measure- 
ment made to top of 
char layer. 


Cold Wall Heating Rate, q (Btu/ft^-sec) 


Fig. 11 - Minimum Average Recession Rate vs Cold Wall Heating Rate 
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of 530°R. 
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ment made to bottom 
deepest groove. 
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Fig. 12 - Maximum Recession Rate vs Cold Wall Heating Rate 
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wall temperature of 960 R 


2. Recession measurement 


made to top of char layer 
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Hot Wall Heating Rate, q, (Btu/ft -sec) 


Minimum Average Recession Rate vs Hot Wall Heating Rate 
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Notes 


Heating rates based on a 
wall temperature of 960 R 

Recession measured to 
bottom of deepest groove. 


Hot Wall Heating Rate, q, (Btu/ft -sec) 


Maximum Recession Rate vs Hot Wall Heating Rate 


LOCKHEED -HUNTSVIUE RESEARCH & ENGINEERING CENTER 















LOCKHEED ■ HUNTSVILLE RESEARCH & ENGINEERING CENTER 


















LOCKHEED ^ HUNTSVILLE RESEARCH & ENGINEERING CENiER 


tn 



oo 

tji 


a 

o 

*rl 

tn 

0 ) 

o> 

a 

(D 

PKJ 


o ^ 
0 9 

P% 

^ a 

Q 
K 







"O a A c 


« 4 ra 7 _ n 




1 -v.o TTnam Leadine Edgf 


i-i-i 1 - ^ R 7 ^ 




-1 _i 


LMSC-HREC TM D390678 



LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 


o 



Fig. 19 - Recession at 2.5 in, from the Foam Leading Edge vs Time for 6 = 15 deg, a = 12 deg 
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Fig. 20 - Recession at 3.75 in. from the Foam Leading Edge vs Time for 5-15 deg, a = 12 deg 
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Recession at 3.75 in. from, the Foam Leading Edge vs Time for 6 = 20 deg, a= 12 deg 
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Fig. 24 - Approximate Char Thickness vs Heat Load for CPR-42I Samples 
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FOREWORD 

This report documents the results of a test program conducted in 
Tutmel "C" at the Arnold Engineering Development Center in support of the 
NASA-MSFC development of the Space Shuttle External Tank. Tests were 
conducted on the candidate thermal protection system materials . ARO per- 
sonnel conducted the tests for NASA-MSFC with the Martin Marietta Corp- 
oration (MMC) furnishing the test specimens and serving as the prime test 
contractor. Lockheed -Huntsville assisted in planning the tests and reducing 
the data. On-site monitoring of the tests was done by personnel from NASA- 
MSFC, Martin -Marietta and Lockheed -Huntsville. 

The Lockheed support was conducted under Contract NAS8-25569, 
"Space Shuttle Thermal Support." The NASA-MSFC Contracting Officer's 
Representative for this contract is Dr. Kenneth E. McCoy, EP-44. The 
NASA-MSFC Test Engineer for these tests was Mr. R. Lopez, EP-44; the 
AEDC/ARO Test/Project Engineer was Mr. R.K. Matthews; and the MMC 
Test Engineer was Mr. S. Copsey; the Lockheed -Huntsville Test Engineers 
were Mi'. Z.S. Karu and Mr. W. G. Dean. 

Aclmowledgment is hereby given to AEDC/ARO and MMC for all spec- 
ime.'i and facility photographs shown herein. They are used by permission 
of these organizations. 
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NOMENCLATURE 

External Tanlc of Space Shuttle vehicle 
local pressure 

total pressure 

recovery enthalpy 

cold wall heating rate 

hot wall heating rate 

turbulent heating rate 

total temperature 

recovery temperature 

wall temperature 

distance along wedge from leading edge 
streak width rate 


Greek 

6 wedge angle 

T aerodynamic shear 
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Section 1 

INTRODUCTION AND SUMMARY 

A series of tests was conducted at AEDC in Tunnel <'C*’ on three candidate 
thermal protection system materials. Test conditions were selected which 
closely simulated the predicted flight values of heating rate, pressure, enthalpy 
and shear on selected points of the External Tank (ET), Tests were conducted 
in three phases on three separate dates, 6 January, 20 January and 12 February 
1975. Sixty-two panels were tested. Of these, 58 were CPR-421, one was 
BX-250, and three were SLA-561s. Some of the CPR-421 panels had machined 
surfaces, some had "net sprayed" or " as-spz*ayed" surfaces, some were coated 
and some were uncoated. Both constant heating rate and trajectory type vary- 
ing heating rate runs were made. The tunnel was run continuously and the 
samples were injected into the flow for each separate test. 

Data taken included color movies, shadowgraphs, heating rates, pres- 
sures and foam recession measurements. This report presents the test en- 
vironments, numerous pretest and post-test photographs of the panels, and 
recession measurements and correlations. 

The CPR-421 material continued to "streak" in this test facility as it 
did previously in the Langley Arc Jet and Langley Mach 10 Continuous Flow 
Hypersonic Flow facilities. However, the data are used to better define some 
streaking boundaries for vehicle applications. 

A comparison of the data taken in these tests and that from previous 
test programs is also presented. 
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Section 2 

TECHmCAL DISCUSSION 

2.1 TEST FACILITY AND TEST CONDITIONS 

Tunnel '’O' is a closed-circuit, hypersonic wind tunnel with a Mach number 
10 axisymmetric contoured nozzle and a 5U-in. diameter test section. The 
tunnel can be operated continuously over a range of pressure levels from 200 
to 2000 psia with air supplied by the main compressor plant of the von Karman 
facility. Stagnation temperatures sufficient to avoid air liquefaction in the 
test section (up to 1900 *^ 11 ) are obtained through the use of a natural gas fired 
combustion heater in series with an electric resistance heater. The entire 
tunnel (throat, nozzle, test section and diffuser) is cooled by integral, external 
water jackets. The tunnel is equipped with a model injection system which 
allows the model to be removed from the test section while the tunnel remaiiis 
in operation. A more complete description of the tunnel is available in the 
Test Facilities Handbook (Ref. 1). 

Most of the tests were run at a total temperature of 1900°R and a total 
pressure of 1800 psi. However at the end of the last series of tests, two 
panels were run at a lower total temperature of 1500°R with the same total 
pressure to see what effect enthalpy might have on foam performance. The 
total enthalpy for the 1900'^R case was 478 Btu/lb, and the recovery enthalpy 
was approximately 415 to 420 Btu/lb depending upon the wedge angle of the 
exposed foam surface. For the 1500*^R total temperature rtms, the total and 
recovery enthalpies were 370 Btu/lb and 315 to 325 Btu/lb, respectively. 

2.2 TEST FIXTURE DESCRIPTION 

Figure 1 shows a photograph of the test fixture used in this series of 
tests. This fixture, or model, is essentially a steel wedge with a recessed 
area for mounting the foam panels behind a sharp leading edge. The model 
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is approximately 17 inches wide and 22,7 inches long on its top surface. The 
recessed area takes a panel 17 x 14 inches and up to 1.75 inches thick. The 
model angle of attack was changed during the various tests to vary the local 
pressure, heating rate and shear values. This same wedge fixture was used 
in a previous test program (Ref, 2) and was modified to accept the foam panels 
for the present tests. The necessary design modification recommendations 
and drawings were made by Lockheed -Huntsville, and the shop work was done 
by NASA-MSFC. Reference 2 contains detailed dimensions of this wedge 
fixture. 

During the second series of tests it was found that during some of the 
long runs the wedge was heating up under the foam due to heating to the sides, 
leading edge and bottom ramp angle surfaces. Therefore before the third 
series of tests, AEDC added some water cooling tubes and passages to the 
fixture- This solved the heating problem. 

To ensure turbulent flow over the foam panels, a "trip strip" of spheres 
was placed across the wedge leading edge. This strip was about four inches 
from the front of the model. The spheres were about 0.040 inches in diameter, 

2.3 TEST PANEL DESCRIPTION 

Sixty-two panels were tested of which 58 were CPR-421 foam, one was 
BX-250 foam and three were SLA- 56 Is material. Table 1 shows each panel 
number, when it was made, its thickness, density and weight, with remarks. 
Some of the panels listed in Table 1 were not tested but were made for this 
series of tests and are shown here for documentation purposes only. All 
panels were made by Martin Marietta Corporation (MMC) and were 17 x 14 
inches except panels 58, 59 and 60 which were 17 x 26 inches. The 17-inch 
dimension was always perpendicular to the flow dii-ection. All panels were 
moimted on aiuminvim plates approximately 0.1 inch thick. The panel approx- 
imate thicknesses, including the aluminum plate, were; 

■ SLA-561s 0.50 in. 

• CPR-421 1.0 and 1.75 in. 

• BX-250 1.0 in. 

3 

LOCKHEED -HUNTSVILLE RESEARCH S ENGINEERING CENTER 



LMSC-HREC TU D390783 


Some of the panels had a machined surface; others were "net sprayed" or 
"as sprayed." Also some CPR-421 panels had a white vinyl coating, designated 
v-445. All the SLA -56 Is panels had a white silicone coating, DC 92-007. 

Some of the foam panels had "Imit" lines. These are seams that were caused 
by the overlapping of the spray pattern as the material was being made. On 
the vehicle the foam will be sprayed directly onto the tank using a number of 
sprayer heads mounted on a rack which moves up the outside of the tank as 
it turns. This results in an overlapping of layers of foam in what is loiown 
as the "barberpole" effect. Therefore the test panels need to have these same 
seams in them to determine how they may affect the foam recession character- 
istics. The orientation of these overlaps or "knit" lines with respect to the 
flow was the same for the tests as it will be on the vehicle in flight. 

Figures 2 through 5 show some typical CPR-421 pretest photographs. 
Figure 2 is of a typical panel without knit lines. Figure 3 is of a typical 
panel with knit lines. Figure 4 shows a panel with small holes in its surface 
apparently due to quality control problems in the spraying process. Figure 5 
shows a typical "net-spray surface" panel. On these "net "pray" panels it was 
not possible to get a very accurate initial or pretest thiclmess due to the rough- 
ness of the surface. 

A question was raised as to the effect of the foam "curing" or "aging" 
on its recession characteristics during testing. That is, it may be that some 
of the panels were not fully cured at the time of testing. What effect this may 
have had on the foam performance is not yet loiown. NASA-MSFC is ;^resently 
n.aking a study of this effect. The age at time of testing of each panel is shown 
on subsequent post-test photographs in Section 3 (Results). For example, panel 
CTCl-67 was less than one week old when tested. It was made on 7 February 
1975 and tested on 12 February 1975. Also it is noted that these panels were 
stored in plastic bags (not sealed) for protection during this curing time. Whether 
this affects the curing is also unloiown at present. 
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2.4 TEST PROCEDURE 

At the beginning of the tests the wedge fixture was installed on the 
tunnel sting inside the test section tank or airlock beneath the tunnel test 
section. The txmnel was started and brought up to the operating condition 
of = 1900°R and = 1800 psia. The first foam panel was installed on 
the wedge fixture and the wedge injected into the flow. After the proper test 
time the fixture was retracted and the foam removed and replaced with a new 
panel. This process was continued until all panels were run while the tunnel 
was operated in the continuous, closed-loop mode. 

During the time while the wedge was actually in the flow, it was rxm 
either at a constant or at a variable angle of attack. The variable angle of 
attack cases were used to simulate the variation of heating rate with time 
for selected points on the Shuttle External Tards (ET) surface. Figures 6 
and 7 show the two heating rate versus time histories used during the tests 
conducted on 20 January 1975. These time variations were designated tra- 
jectories 1 and 2, respectively. Trajectory 1 simulates the heating rate to 
ET Body Point 7065 during the first heat pulse during launch. Trajectory 2 
simulates the same body point but for the entire 605 seconds of launch. Figures 
8, 9 and 10 present the variations used during the tests of 12 February 1975. 
These are designated trajectories A, B and C, respectively. Trajectories A 
and C again simulate Body Point 7065 for the first heat pulse and total heat 
pulse, respectively. Trajectory B simulates the first heat pulse for Body 
Point 7105, The heating rates presented are for a location on the foam ap- 
proximately three inches from the foam leading edge. The flight heating 
rates being simulated are for the ''55 Nautical Mile AOA" trajectory for 
vehicle configuration 500. 

At the end of the last series of tests (on 12 February 1975) two panels 
were tested at lower tunnel total temperatures as the tunnel was being cooled 
off for shutdown. The purpose of these two tests was to determine what effect 
enthalpy might have on foam recession/performance. 
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Also several panels were tested with a "vortex generator" on the surface 
of the stainless steel leading edge part of the wedge. The locaion and size of 
this "vortex generator" is shown on Fig. 11. Two heights were used; l/Z and 
5/8 inch. 

Two panels, one CPR-4Z1, and one SLA-561s, were tested with a "shock 
generator" protruding through the panel. This configuration is shown in 
Fig. IZ. 

Table Z gives the test run log for all tests, 

Z.5 DATA TAKEN 
Z.5.1 Environments Data 

During the time of planning for these tests, predictions were made of 
the expected values of pressure, heating rate and shear. The results of this 
work are presented and are compared with measured values in the Results 
section of this report. 

For the first series of tests (6 January 1975) a Stycast calibration slab 
was made for use in measuring the heating rates to the wedge surface where 
the foam panels were to be placed. This slab had five Gar don gage type calo- 
rimeters and two pressure taps installed in its surface. The reason for using 
the Stycast slab was to be able to get a good distribution of heating rates over 
the entire surface, not just the values at the five calorimeter locations. How- 
ever, very little heating rate data were obtained during this first series of 
tests because this Stycast slab cracked around the mounting inserts which 
were cast into it for holding it onto the wedge fixture. This cracking was 
apparently due either to thermal stresses or to excessive torqueing of the 
mounting studs, or perhaps due to some of both effects. To remedy this 
situation, a steel plate was made and the calorimeters and pressure taps 
installed in it. This worked satisfactorily and the required data were ob- 
tained. Figure 13 shows the dimensions, measurements, locations, etc., 
for these models. 
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2.5.2 Foam Panel Data 

The data taken on the foam panels are divided into two categories: (1) 
qualitative and (2) quantitative. The qualitative data consisted of TV camera 
coverage {recorded on video tape for on-the-spot playback), 16 mm color 
movie coverage, and on-site observation by the Test Engineers monitoring 
the tests. Figure 14 shows a photograph of the test setup on the Tunnel "C” 
test section with each of the camera locations. The personnel observation 
area is located on the deck or catwallc over the test section, where there are 
two top windows about the same size as the side windows. The quantitative 
data obtained consisted of pretest and post-test thicknesses and time variation 
of the foam surface recession. This time varying recession was obtained 
using a simple but ingenious "grid-line*' system developed by ARO/AEDC 
especially for these tests. This system is illustrated in Fig. 15, and consists 
of a 35 mm slide projector which projects lines onto the foam surface at an 
angle of about 45 degrees, and a TO mm sequenced camera viewing the foam 
from above. As the foam recedes, the grid lines are displaced in the camera 
view (see detail A of Fig. 15). The amount of displacement or translation of 
the grid lines in the camera view can be related to the amount of actual surface 
recession if the required geometry and dimensions are known. The 70 mm 
sequenced camera takes pictures at knowm times (either 1 or 2 second intervals) 
and from the resulting photos the recession versus time curve can be obtained. 
In the actual practice of the data reduction, the geometry was not used but in- 
stead "tare shots" were made using a metal panel in place of foam which could 
be lowered to given "recession" depth locations. It was placed at given loca- 
tions and the 70 mm sequenced camera fired to obtain the translation to reces- 
sion ratio. This factor was then non-dimensionalized by dividing by the model 
span on the projected picture. This allowed the scale factor to be used with 
any projector which became quite useful because different viewers were used 
in the data reduction process. This resulted in different size models on the 
screen and different amounts of measured translation for a given recession 
on the actual foam surface. Figure 16 shows a plot of projected line scale 
factors from the tare shots versus wedge angle. It is noted that a set of tare 
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shots and scale factors were needed for each of the three series of tests 
since the carnera, projector and model were moved after each test and not 
necessarily set back up in their original positions. The inflection points in the 
curves of Fig. 16 are apparently due to the complex motion of the surface of 
the foam as the sting mechanism articulates to achieve the different wedge 
angles. The accuracy of this grid line recession measurement is estimated 
by ARO/AEDC as being about 10 to 20%. Some difficulty was experienced in 
reduction of the data when there was a very minute amount of recession due 
to the ’’fuzz” on the projected lines being about the same as the recession. 
However, this system of measurement was, in general, very useful in deter- 
mining what was happening to the foam during the test, especially in the 
"streaks.” Figure 17 shows how the grid lines appear on the foam samples 
as mounted in the test position in the tunnel. 
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Section 3 
RESULTS 

3.1 ENVIRONMENT PREDICTION AND MEASUREMENT RESULTS 

The environments predicted analytically for these tests are shown in 
Figs. 18, 19 and ZO. These plots are o£ the turbulen'i. heating rate (cold wall 
and hot wall), local static pressure on the wedge, and aerodynamic shear on 
the wedge surface, all versus distance along the wedge for different wedge 
surface angles. The heating rates were predicted using the Lockheed- 
Huntsville Multiple Pressure Gradient Program (Ref. 3). The flow was as- 
staned turbulent due to the use of the trip spheres on the leading edge. The 
local pressures were predicted using the methods/tables of Ref. 4. The 
shear values were predicted using a modified Reynolds Analogy and the cal- 
culated heating rates. The values shown are for tunnel total conditions of 
1900°R and 1800 psi. 

For comparison with measured results, heating rates and pressures 
were plotted versus 5 for fixed X locations corresponding to the Gardon gage 
calorimeter and pressure tap locations. Shear is also shown in this form 
although no shear measurements were made. These results are shown on 
Figs. 21, 22 end 23. Also shown on Figs. 21 and 22 are the measured values. 
The measured values are converted from the gage wall temperature to the 
"cold wall" temperature of 460°R. As seen, the agreement is good at the 
higher angles. However, at a wedge angle of 6 degrees the flow apparently 
was transitional rather than fully turbulent because the measured heating 
rate value was below the predicted turbulent level. The predicted laminar 
flow values are shown on Figs. 24 and 26. 

The predicted heating rates and shear for the low temperature/low en- 
thalpy (T^ - 1540°R) runs are also shown in Figs. 24 and 25, respectively. 
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The pressures for these cases are the same as for the high temperature runs 
because the total pressure was the same. 


The local Reynolds number per foot for the 1900*^R and 1540°R runs 
are shown as a function of 6 in Fig, 26. The boundary layer velocity thick- 
nesses along the wedge surface for various 6 values are shown for the 1900°R 
and 1540°R r\ins are shown on Figs. 27 and 28, respectively. Figure 29 shows 
the recovery enthalpy and temperatures as a function of 5 for the two rxin con- 
ditions; these values were obtained from ARO/AEDC. Figure 30 shows a 
typical shadowgraph. 

3 . 2 FOAM PANE L RES U LTS 

The panel test results are divided into two categories — qualitative, i.e., 
pictures and observations, and quantitative, i.e., measured values of recession 
and streak width. 

3,2.1 Qualitative Results 

The post-test photographs of the various panels are divided into two 
categories, constant wedge angle runs and trajectory runs rather than in the 
order in which they were tested. The reader is referred to the run log 
(Table 2) for a complete listing of all runs made. The constant wedge angles 
used were; 6 = 9, 12, 18, 20, 23.5 and 38 degrees. As mentioned earlier the 
trajectory heating simulations were designated 1, 2, 3 and A, B and C. 

To familiarize the reader with what he will be seeing in subsequent 
photographs, Fig. 31 is presented at this point. This is an overview of the 
wedge fixture retracted into the Tunnel "O’ test tank with a foam sample 
still mounted in place. Note that the streaks in this sample are quite pro- 
nounced. 

Figure 32 is shown to illustrate the overlay of tare shot grid lines 
with grid lines on the receding foam surface. 
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Typical constant-wedge-angle run panel photographs are shown in Figs, 
33 through 55. The test group number (which is the same as the run number), 
the sample number, the test condition, heating rate, pressure and shear, test 
time, and remarks with the panel description are given with each photograph. 
Most photos were made after the tests and after the panels had been removed 
from the wedge fixture. However, some of the photos are taken from the 70 
mm sequenced camera negatives, for example Fig. 33, because post-test photos 
were not made of all panels. 

A 9 -degree wedge angle case panel is shown on Fig. 33. Not much 
happened to this panel exc .^pt that it "popcorned" early in the test, perhaps 
even before being inserted into the tunnel due to the low pressure in the test 
tank. 


Figures 34, 35 and 36 show several 12 degree wedge angle cases. The 

panel of Fig. 34 seemed to perform better than the other panels shown except 

for the two large chunks which came out during or after retraction. The 

reason for this better performance is not really known, perhaps panel CTCl- 

3 3 

11 was worse because of its lower density (1.85 Ib/fr versus 2.29 Vo/ix for 
panel CTCl-5). Also the Icriit lines of panel CTCl- 12 (Fig. 36) caused it to 
perform worse than the panel of Fig. 34. 

Several 18-degree wedge angle cases were selected for presentation 
here and these are grouped in Figs. 37 through 47- The panels of Figs. 37 
through 40 experienced the streaking problem mentioned earlier in this 
report. These streaks are clearly seen in the post-test photos. The devel- 
opment and growth of these streaks seems to be, in general, a random process. 
They may appear at various times in the run and at various locations on the 
sample surface. They usually start after the initial char layer has had time 
to build up and start to protect the underlayers of material. Then suddenly 
a streak will appear and start to grow toward the downstream edge of the 
sample. The usually grow in both depth and width and grow quite rapidly 
until a certain size is reached and then tend to slow dov/n or completely stop 


11 


LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 


LMSC-HREC TM D390783 


growing. For the reader who is interested in Turther insight on the development 
of these streaks, both movie film and TV video tape are available from essen- 
tially all the tests conducted. 

Figures 41 and 42 present additional 18-degree wedge angle cases but 
with the "vortex generator" in place on the forward stainless steel leading 
edge of the wedge fixture upstream of the foam. {See Fig. 11 for details of 
this set-up.) The peculiar thing about these two panels is that the first tested 
{Fig. 41) did streak behind the vortex generator while the second panel (Fig. 42) 
did not streak behind the vortex generator but off to the left side of it. This 
is no explained at the present time. It was felt before the tests that pei'haps 
some flow disturbance might be contributing to the streaking phenomena. 
Therefore, this type test was suggested to check that possibility. However, 
since observing the results of the tests it is apparent that flow disturbances 
are not the primary cause of the streaks. 

Figure 43 shows a long panel tested at an 18 -degree wedge angle. This 
panel was 17 inches wide and 26 inches along the flow direction whereas the 
other panels were 17 x 14 inches. The reason for testing this configuration 
was to see just what happens to the streaks as they grow farther downstream. 
From the 14-inch panels of the initial tests it was seen that the streaks grew 
wider and deeper as they proceeded along the panel length. The questions 
which naturally arose were: 

© "What is going to happen on the vehicle where we 
have many feet of panel for the streaks to run down"? 

© "Do they continue to grow until they wipe out the foam 
completely — or just what will happen? 

After testing this panel it is seen that the streaks did continue to grow wider 
and deeper as they proceeded all the way to the back edge of this 26 -inch 
panel. This points up the real need for further tests of still bigger panels 
to further study this problem. {In the quantitative results section a plot of 
streak width and depth versus distance is presented to graphically show this 
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problem.) Also this long panel had a number of knit lines coming through 
to the surface. It had been suggested that perhaps these knit lines, being 
a higher density material than the rest of the foam, might help retard or 
slow down the streak growth rate. However, this effect was not observed 
in this test — or in any of the tests for that matter. The streaks just 
"walked" right on through the knit lines. 

Results of one of the low temperature/low enthalpy run are shown in 
Fig. 44. There was a notesd difference in the performance and appearance 
of this panel from those tested at the higher temperatures. Very little if 
any surface recession occurred, and the "char" color was light brown as 
opposed to almost black for the higher temperature runs. {For comparison 
purposes the recovery enthalpy for this test was about 320 Btu/lb as opposed 
to 420 Btu/lb for the higher temperature runs.) This panel "popcorned" some 
near the knit line and tried to streak in some locations. 

Results of the run with the shock generator are shown in Fig. 45, This 
was a very dramatic test. This shock generator configuration created a very 
severe pressure gradient across the normal shock ahead of its upstream side. 
The result was that the foam receded through to the aluminum baclcup plate 
very rapidly and the cavity in the fos-m ahead of the cylinder could be seen 
proceeding forward during the test. In connection with this test calculations 
were made to determine the actual severity and magnitude of the pressure 
gradient across the shock. Results of this are shown in Fig. 46. The wedge 
shock and cylinder bow shocks are shown with the calculated pressures in 
front of and behind these shocks. The pressure behind the normal shock on 
the foam surface is about 18.2 psi while that in front of the shock is only 0.78 
psi. This large pressure gradient feeds upstream through the subsonic por- 
tion of the boundary layer causing a reverse flow which quickly chews out the 
foam. This problem is not expected to be as severe on the vehicle even in 
the regions of attaclmients, protuberances, etc., because the boundary layer 
on the vehicle in most locations will be much thicker than in this test. How- 
ever, the general effect of this type problem was well illustrated by this test, 
showing the need for a "hard" ablator in such regions. 
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Figure 47 shows a similiar test result with a shock generator but with 
the SLA-56ls material. This test was not as dramatic as with the CPR-421 
material but the panel did burn through to the al umin um, and large chunks 
came out. This panel also had "built-in" defects or cracks in the SLA-Sbls 
that went through to the aluminum. The shock generator would probably not 
have had as much of an effect on the material response if the defects had not 
been present. 

The only BX-250 sample tested is shown in Fig. 48. As seen, this material 
receded all the way through to the aluminum in several places. Its recession 
rate was significantly greater than any of the CPR-421 samples. Note also that 
the BX-250 surface had a distinct diamond shape pattern on it. This same type 
pattern has been observed on many other ablative material surfaces in previous 
tests and development programs and is Icnown as "cross hatching." 

Three 20-degree wedge angle cases are shown in Figs. 49, 60 and 51. The 
first two are without knit lines and the last figure has one luiit line. Again the 
streaks are quite pronounced in these tests, in Fig. 51 the streaks only occurred 
downstream of the luiit line. Figure 49 shows some remains of the Tempilaq 
coating stripes. This was used in an effort to determine the foam surface temper- 
ature. It was not really conclusive as to what was happening to the Tempilaq dur- 
ing the run. To one observer it seemed to melt and disappear almost instantly 
after injection but to this writer it was not that clear whether it was melting 
or blowing away. Anyway, this did not prove to be a very satisfactory way 
way to measure the foam surface temperature. It is recommended that a non- 
contact infrared thermometer (similiar to the one presently being used by 
MMC (Ref. 5) be used in future tests to try to measure surface temperature. 
Incidentially, it was not mentioned in the test measurement section but an attempt 
was made to use a pyrometer to measure foam surface temperature in some of 
the early tests; this did not yield any data because its range was too high. 

Figures 52, 53 and 54 show the results of some 23.5 degree wedge angle 
runs. The panel of Fig. 52 did not streak taut most of the char layer was lost 
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on retraction. The panel of Fig. 53 had a knit line and there was a vast 
difference in the response of the foam upstream and downstream, of the knit 
line. The foam did streak downstream of the Imit line, and there was some 
"popcorning" at the knit line. The panel of Fig. 54 did not streak like the one 
of Fig. 53, but seemed to have a large number of small streaks that all ran 
together. 

Figure 55 shows the only panel run at a wedge angle of 38 degrees. 

This panel receded very rapidly and only a thin sheet was left at the end of 
the i*un of about 10 seconds. This thin sheet delaminated from the aluminum 
and was blown away (except for the leading edge part as seen in Fig. 55) on 
or immediately after retraction from the tunnel. However, it is pointed out 

z 

that the heating rate in this case was quite high — about 16 Btu/ft -sec —which 
is higher than that expected in areas of the vehicle where CPR-421 will be used. 
This run was made to determine if the CPR-421 could have possibly been used 
in these high heating areas, and it does not look feasible after seeing the results. 

Some of the vehicle trajectory heating simulation run results are shown 
in Figs, 56 through 69. These are grouped in the following order; trajectories 
1, 2, A, B and C. (Also see Figs, 6 through 10 for the time history of each of 
these trajectories.) The trajectory 1 cases are sho'vn on Figs. 56, 57 and 58, 

The first two of these panels had no knit lines, the third did have a knit line. 

All three panels streaked but the streaks did not go all the way through to the 
aluminum backup plate. It is noted here that there was a thin layer of foam 
adjacent to the aluminum which appeared to be a higher density, stronger 
material than most of the panel. It is possible that this '’rind*' may have 
prevented the streaks from reaching all the way to the aluminum. These 
panels were all one -inch thick — including the 0,1-inch aluminum. Figure 58 
also illustrates a type of streak which resembles a feather in that it grew 
somewhat laterally as well as longitudinally. (This is the third streak from 
the right on this panel.) This type streak appeared on a number of the panels 
throughout the test program. Note also on this panel that the streaks did not 
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occur just behind the knit line but upstream of it and grew right on through 
the knit line. 

Figure 59 shows the remains of a panel which was to have been tested 
for a full 600 second trajectory 2, However, the test was cut short during 
the long low heating time to be simulated. It is noted that this simulation 
was not necessarily representative of the flight during the periods between 
the first and second heat pulses because although the heating rate and pres- 
sure are about the same as in flight the shear is higher than on the vehicle. 

This causes a lot of "buffeting” of the foam. The foam also seemed to swell 
laterally quite a bit also in some of these long trajectory runs, possibly causing 
the loss of chunks of material from the sides of the panel as the foam projected 
itself over the sides of the wedge fixture and caught the flow. This swelling 
laterally was also observed in the other long trajectory tests (trajectory C), 
discussed later. Another possible cause of the loss of such large chunks on 
this panel (Fig. 59) was the heating up of the aluminum backup plate from heat 
being conducted into it from the wedge fixture during these long run times. 

The bottom of the wedge was at about a 30 degree angle of attack when the 
foam was at 0 degree angle of attack. This heating caused the wedge to get 
very hot and this may have heated up the aluminum, causing debonding of the 
foam. This problem was eliminated before the last series of tests (12 February 
1975) by adding water cooling to the wedge fixture. No debonding was observed 
on the trajectory C cases which ran over 600 seconds. 

Figures 60 through 67 show some typical trajectory A run results. The 
first three panels show a comparison of surfaces. These panels' surfaces 
are: (1) as-sprayed; (2) machined and coated, and (3} as-sprayed with a coat- 
ing in Figs, 60, 61 and 62, respectively. All three panels were nominally 1-3/4 
inch thick initially. Qualitatively speaking the as -sprayed surfaces seemed to 
hold up better than the machined surfaces. That is, by watching the tests and 
reviewing the movies the as -sprayed surfaces seemed to have a heavier, thicker, 
glossy -black char layer which held up and protected the underlying foam better 
than the machined surface panels. However, the quantitative comparison of the 
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measured recession (discussed later) did not necessarily show that the as- 
sprayed samples were better. This was partly due to the difficulty in obtaining 
an accurate initial thickness of the as -sprayed surfaces due to their rouglmess 
and waviness. Also, these as -sprayed panels did not seem to streak as severely 
as the machined panels. The effect of the coating was that it seemed to hold 
the surface together better early in the test and then the surface started coming 
out in '’flakes" but the overall response was about the same with and without 
the coatings. 

Figure 63 shows a panel which failed apparently due to a pressure build- 
up between the foam and the aluminum backup plate. This panel was not sprayed 
directly onto the aluminum plate used in the test. It was sprayed, removed, 
trimmed and then bonded to this plate. This was necessary to obtain the desired 
initial thickness since the spray process does not always give the desired "rise" 
thickness. This is called a "secondary bond" and all panels having this are 
noted in Table 1. (Note the knit lines exposed in the foam where the " plug" 
came out in Fig. 63.} 

Figure 64 is a CPR-421 panel which had built-in defects to see what 
affect these might have on the foam recession and streaks. Three panels 
similar to this were tested. They were made by breaking the foam into four 
pieces and then bonding them to the aluminum. When these panels were in- 
jected into the flow, the swelling of the foam tended to close and "heal" these 
cracks- The first panel tested did not streak at the crack (Group 56). The 
second and third panels (Groups 57, 58) had a streak which followed the cracks. 
The third panel (Group 58) had a knit line and "popcorned" excessively with 
the streaks forming mostly from the "popcorned" areas. It did not seem to 
be affected by the defect cracks. 

Figures 65 and 66 show results of an attempt to determine the effects 
of the voi‘tex generator, situated on the wedge leading edge, on the foam and 
the streaks. Again the results are not too conclusive, because one of these 
started streaking in a location not directly behind the vortex generator. How- 
ever, both had streaks which were behind the vortex generator. 
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Figure 67 shows an SLiA-561s panel tested with defects. The defects 
seemed to have little o’* no effect on the panel. It did not look much different 
after the test than before. 

A trajectory B simulation panel is shown on Fig. 68. This was an as- 
sprayed panel 1-3/4 inches thick. It held up quite well in this reduced heating 
environment. It has a glossy black char layer much like that seen for the as- 
sprayed panels tested using trajectory A. 

A trajectory C run panel is shown on Fig. 69- This panel was 1.0 inch 
thick with the aluminum and it held up very well for this long heating situation 
(over 600 seconds). It did not burn through to the aluminum. It had a machined 
surface and was coated. Needless to say, the results of this run were very en- 
couraging — to see less than one inch of foam survive a Body Point 7065 full 
heating simulation while about E inches will be applied on the vehicle, 

3.2.E Quantitative Results 

Results of the data taken and reduced from the "grid line” system are 
presented in this section. Recession was measured for each panel which was 
run at constant heating rate levels. The measured recession was then plotted 
versus time and a slope was taken to obtain a recession rate. Four grid lines 
were used on most panels giving data at four slightly different heating rate and 
shear levels. The changes in wedge angle gave the major change in heating 
rate. These recession rates were then used to plot the values seen on Figs. 

70 through 83. 

Two types of recession were measured, average minim\om ’•ecession 
and recession in the streaks. The minimum values were taken at a location 
along the width of the panel where there was only flat foam, i.e., no streaks. 
When a streak developed, the recession to the bottom of the streak was also 
measured. Results of these measurements were plotted versus both cold 
wall and hot wall heating rates as seen in Figs. 70 through 73, The heating 
rates used in the plots are to a smooth flat surface, not the heating rate inside 
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the streak since there is no way to measure this. The cold wall heating rates 
used in these plots were based on T^= 530°R to be consistent with the way 
the Langley M= 10 data were presented. Least squares fit curves were deter- 
mined for all these curves. However, due to the scatter in the data, some of 
these curves had a negative slope. The curve fits were presented on the plots 
when they had a positive slope, and where the slopes were negative they were 
omitted. It is also noted that some of the panels that were run at the lower 
heating rates expe i snc ed swelling {negative recession) during their tests. 
Recession rate values for these cases are presented for completeness below 
the lower margin on the log -log plots, for example. Groups 77, Z7 and 6 on 
Fig. 70. 

As seen on these recession rate curves, there is a lot of scatter in the 
data. Efforts were made to reduce this scatter by reviewing the data in an 
attempt to determine if the "grid line" system accuracy was the cause of this. 
It was decided that the scatter is due to the random foam response more than 
to accuracy of the system. 

An effort was also made to determine if distance along the foam panel 
length made a difference in the recession rates. Results of this are shown 
in Figs. 74 and 75. Figure 74 is for a distance of two inches from the trail- 
ing edge while Fig. 75 is for a distance of about five inches from the trailing 
edge. (A limited amount of data was available at constant locations because 
the "grid -lines" or shadows move as the sting changes angle of attack.) From 
these plots it is not obvious that location along the panel affects the recession 
rate or causes the scatter. 

Similiar plots were also made for streak width rate versus heating rate 
as seen in Figs. 76 and 77. This is the rate at which the streaks are growing 
in width. Again a large amount of scatter is present in the data. Figures 78 
and 79 present the effect of panel location on these results. Figure 78 is for 
a distance of two inches from the trailing edge and Fig. 79 is for a location of 
about five inches from the trailing edge. Again it is not apparent that panei 
location has any effect on streak width rate. 
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The streak data are also presented in the form of streak depth versus 
distance along the streaks for a constant time for several panels. These 
results are shown on Figs. 80 and 81. In general the streaks get deeper as 
they proceed toward the rear of the panel as expected, although there are a 
few exceptions, for example, Group 64. 

Figures 82 and 83 show still another form of the streak data, that is, 
streak depth and width versus time. Both these curves are for a location on 
the panels of about two inches from the trailing edge. Some of the streaks 
seem to decrease in growth rate as time increases while others do not. 

Figure 84 presents an attempt to correlate time to start streaking 

versus heating rate. Here again there is a lot of scatter in the data but it 

2 

is concluded that if the heating rate is about 5 Btu/ft -sec then the time to 
start a streak is long (100 seconds or more) almost as long as the time of 
the first heat pulse on the vehicle. 

3.3 COMPARISON OF AEDC DATA WITH OTHER FACILITY DATA ON 
CPR-421 FOAM 

Figures 85 and 86 present comparisons of this AEDC Tunnel "C data 
with Langley Arc Jet Facility, and Langley Mach 10 Continuous Flow Hyper- 
sonic Tunnel data and the Martin ’’design" curve. Both average minimum 
recession and recession in the streaks are presented. It is seen that, within 
the scatter, the data agree reasonably well. Also the Martin "design" curve 
appears to be conservative. 

3.4 FOAM ’ABLATION' PRODUCTS CONTAMINATION EFFECTS 

Figure 87 shows two Tunnel "C" sting adaptor sections which were 
exposed to the foam ablation products. The deposits resulting from these 
products can be seen on these sections by noting the one on the right where 
the deposits were scraped off. These removed deposits were taken by MMC 
to their labs for analysis. For further information on these results the 
reader is referred to the MMC Project Engineer, Steve Copsey. 

20 


LOCKHEED -HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TM D390783 


Section 4 

CONCLUSIONS AND RECOMMENDATIONS 


The following conclusions are drawn from the results of tliese tests; 


Q The CPR-4Z1 foam definitely has better recession char- 
acteristics than the BX-250 foam. 

• There is a lot of scatter in the CPR-421 foam recession 
response. 

e A one -inch thick foam panel withstood the simulated total 
heat pulse for Body Point 7065 on the ET LOX tank without 
burning through, 

« There are still quality control problems in producing the 
CPR-421 panels. 

e The streaking problem is not caused by flowfield disturb- 
ances. 

e Pretest defects (cracks) in the CPR-421 foam panels did 
not necessarily carxse any detrimental effects on the foam 
performance. 

o The "shock" generator caused a rapid burn-through of the 
foam, but this simulation is much worse than that expected 
on the vehicle. 

® The "as -sprayed" panel surfaces apparently held up better 
than the machined surfaces. 

© The panel surface coatings did not significantly affect the 
overall foam performance. 

© Panel age effects were net determined in these tests. 

o The SLA -56 Is material survived these environments with 
lit^'’e effects. 


As a result of these tests it is recommended that the following actions 
be considered; 


e Expose the panels in future tests to a vacuum environment 
before testing to see if this will eliminate " popcorning." 
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• Perform additional tests to determine the effects of aging 
on foam performance. 

• Conduct tests on longer panels to determine whether the 
streaks continue to grow wider and deeper down the panel 
and vehicle. 

• Develop better simulation to determine the effects of shocks 
on the foam. 

• Study the effects of additional wall cooling (nearer cryogenic 
temperatures) on foam performance. 
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Table 1 

DESCRIPTIONS OF PANELS USED IN THIS TEST PROGRAM 



Cl. I 
2 
3 

5 

6 
7 

8 * 

9 

10 

n 

12 * 

13 

14 

15 
16* 

17 

18 
19 
20 * 
2! 
22 
23 
24* 

25 

26 
27 
28* 

29 

30 

31 
32* 
33 

44 
35 
36* 

37 

38 

39 
40* 

41 

42 

43 
44* 

45 

46 

47 
48* 

49 

50 

51 
52 * 

53 

54 

55 

56 
57* 
58* 
59* 
60* 
61 
62 

63 

64 

65 


12-10-74 

12-10-74 

12-16-74 

12-9-74 

12-7-74 

12-7-74 

12-14-74 

12-9-74 

12-14-74 

12-14-74 

12-14-74 

12-9-74 

12-14-74 

12-14-74 

12-14-74 

12-9-74 

12-14-74 

12-14-74 

12-14-74 

12-9-74 

12-14-74 

12-14-74 

12-14-74 

12-9-74 

12-14-74 

12-14-74 

12-14-74 

12-9-74 

12-16-74 

12-16-74 

12-16-74 

12-9-74 

12-16-74 

12-16-74 

12-16-74 

12-9-74 

12-16-74 

12-14-74 

12-16-74 

12-9-74 

12-16-74 

12-16-74 

12-14-74 

12-9-74 

12-16-74 

12-16-74 

12-16-74 

12-9-74 

12-16-74 

12-16-74 

12-16-74 

12-9-74 

12-14-74 

12-16-74 

12-16-74 

12-16-74 

1-11-75 

l-n-75 

1-14-75 

1- 14-75 

2- 3-75.1 
2-3-75.2 


2-3-75,4 

2-3-75.5 


Av, Thickneas 

iBsuiaai 

0.952 

mm 

o.gso 

0.950 

0.941 

0.940 

0.963 

0.953 

0.955 

0.964 

0,962 

0.965 

0.962 

0.964 

0.958 

0.959 

0.957 

0.951 

0.944 

0.943 

0.963 

0.941 

0,966 

0.969 

0.961 

0,958 

0.939 

0.929 

0.956 

0.958 

0,958 

0.900 

0.964 

0.955 

0.967 

0.935 

0.967 

0.944 

0.962 

0.957 

0.948 

0,950 

0,949 

0.951 

0.954 

0,953 

0.965 

0.986 

0.965 

0.945 

0.953 

0.946 

0.967 

0.956 

0,958 

0.941 

0.966 

0.954 

0.960 

0.942 

0.969 

0.970 

0.970 

0.967 

0.968 

0.966 

0.944 

0.948 

0.965 

0.960 

0.968 

0.967 

0.957 

0.955 

0.952 

0.950 

0.956 

0.955 

0.953 

0.922 

0.956 

0.966 

0.942 

0.957 

0.956 

0.952 

0,960 

0,941 

0.964 

0.960 

0.966 

0.966 

0.960 

0.960 

0.970 

0,966 

0.961 

0.967 

0,966 

0,965 

0.962 

0.965 

0,956 

0.957 

0.962 

0.967 

0.948 

0.942 

0,957 

0.965 

0.927 

0.938 

1.745 

1.747 

1.746 

1. 742 

1.242 

1 .243 

1.247 

1.249 

1.57 

1.39 

1.64 

1.69 

1,45 

1 .37 

1.55 

1.13 

1.59 

1.75 



Material 


CPR-421 


Density 

(lb/(t^) 

Panel 

Wt. 

(gm) 

2.03 

Bn 

2,09 

IS 

2.15 

■ 19 

2.31 

1210 

2.29 

1185 

2.26 

1 188 

1.95 

1172 

2.30 

1213 

1.97 

1181 

2.03 

1174 

1.85 

1176 

2.28 

1203 

2.03 

1179 

1.89 

1173 

1.93 

1167 

2.14 

1 194 

2.03 

1192 

2.03 

1178 

2.00 

1194 

1,97 

1 197 

1.95 

1177 

1.97 

1167 

2.08 

1184 

2.22 

1202 

2,03 

1169 

1.99 

1183 

1.96 

1181 

2.14 

1198 

2,10 

1188 

1.99 

1191 

2.01 

1194 

2.28 

1203 

2.07 

1197 

2.09 

1187 

1.86 

1177 

2.55 

nis 

2.03 

1195 

1.86 

1175 

2.21 

1198 

2.50 

1213 

2.04 

1185 

2.07 

1188 

1,86 

1175 

2.43 

121 1 

2.10 

1189 

2.21 

1192 

1.99 

1193 

2.56 

1210 

2.23 

1190 

2.09 

1184 

2.21 

1193 

2.08 

1206 

1.86 

1173 

2.03 

1184 

1.98 

1186 

1.98 

1189 

2,30 

1103 

2,22 

1297 

2.17 

2333 

2.17 

2308 

2,62 

1331 

2.45 

1350 

2.28 

1388 

2.26 

1415 

i.,35 

1431 


Remarks 


Many Small Holes 


Coated v-455 


Coated v-455 


Coated v-455 

Broken + Coated 
Broken t Coated 
Broken t Coated 

Coated v-455 
Coated v-455 
Coated v-455 


Knit Lines — .8" Apart 
Knit Lines ^ .8" Apart 
Knit Lines 3,75" Apart 
Knit Lines 3.75" Apart 
Primary Bond 
Primary Bond 
Secondary Bond 
Sec. Bond v-455 Coated 
Sec . Bond 


These panels have knit lines. 

L'E = lead;nc edpe, T/E s trailing edge. 
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Table 1 • (Continued) 


Model 

1 

Batch 

CTO -66 

2-3-75.6 

I 67 

2-7-75.3 

1 68 

2-7-75.2 

T 69 

2-7-75.1 

IJTCl- 1 

6-174- 

44181-A/ 

L896128 

- 2 

1 1 

- 3 

11 

- 4 

11 

STCI - 1 

MTPS no 
111 
113 

- 2 

MTPS no 
111 
113 

- 3 

MTPS no 
111 
113 


Av. Thickness 


L/E T/E 


Density 

Material (Ib/ft^) (gm) 


14x17 1 CPR-421 


BX-Z50 


Remarks 


Sec. Bond v-455 Coated 
Primary Bond 
Pri. Bond v-455 Coated 
Primary Bond 


0.961 

0.960 

0.964 

0.5356 


SLA -56 1 s 


121B 

1218 

1220 

1650.0 


Sprayed 1/29/75 


1630. 2 Sprayed 1/29/75 


1610.5 Sprayed 1/29/75 
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Table 2a 

AEDC TUISIKEL 'C ET/TPS MATERIALS TEST 
RUN LOG FOR 6 JANUARY 1975 


Contractor; Martin -Marietta 
Representatives: Steve Copaey, 
Bill Dean, 
Zain Karu, 
Raoul Lopez 


Test Title; NASA/Martin Insulation 
Project: V41C-91A 
Test Per so•»^nel: R. K, Matthews, 
Capt. Harper 


Run/Gp 

Configuration 

Mach 

No. 

p 

■*^o 

(psia) 

To 

(°F) 

a 

(deg) 

6 

(deg) 

Time 

(CST) 

Remarks 

1 

7000 

10 

.0 

1800 

1440 

-.26 

- 

- 

2233 

TPC = 200°F 

2 

7000 







-.26 

- 

- 

2244 


3 

7000 







+9.0 

+ 18 

0317 


4 

1 







+9.0 



0018 


5 

2 







+9.0 



0048 


6 

4 







+9.0 



0040 


7 

101 







+9 

1 


“ 

BX-250 

8 

3 







+3.5 

+23,5 

0103 


9 

5 







+15 

+ 12 

0110 


10 

8 







+9 

+ 18 

0128 


11 

6 

'1 

r 




f 

-11 

+ 38 

0133 

TPC = 700 
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Table Zb 

AEDC TUNNEL 'C ET/TPS MATERIALS TEST RUN LOG FOR 20 JANUARY 1975 


Contractor: Martin-Marietta 
Representatives: Steve Copsey 
Bill Dean 
Raoul Lopea 


Test Title: NASA/Martin Insulation 
Project: V41C-91A 
Test Personnel; R. K. Matthews 
Capt. Harper 


R\in/Gp 

Configuration 

Mach 1 
No. 

P 

o 

(psia) 

T 

o 

(°F) 

a 

(deg) 

6 

(deg) 

Time 

(CST) 

- ' ' ' 1 

Remarks 

12 

7000 

10. 

16 

1800 

1440 

12.0 

0.0 

0128 


13 

GPSE 







6.0 

6.0 

0133 


14 









0.0 

12.0 

0143 

-22 deg PB 

15 









-3.0 

15.0 

0153 


16 









-6.0 

18.0 

0200 


17 









-8.0 

20.0 

0207 


18 









- 1 1,5 

23.5 

0214 


19 









+3.0 

90.0 

0217 


20 









-11.5 

23.5 

0223 


21 

8000 







-11.0 

23.0 

0232 


22 

Pressure 







-8.0 

20.0 

0238 


23 









-6,0 

18.0 

0243 


24 









-3.0 

15.0 

0246 


25 

1 








0.0 

12,0 

0250 


26 

{Samples) 







6.0 

6.0 

0254 


2" 

10 







0.0 

12.0 

0341 


28 

11 







0.0 

12.0 

0354 


2>i 

12 







0.0 

12.0 

0412 

Gps. 27-28-29 taken in Model 1. 

3(1 

14 







-6.0 

18.0 

0428 

Mode 2 starting Gp. 30 

31 

1 5i;< 







-8.0 

20.0 

0440 

Painted Samples:':' 

32 

17 ::: 







-8.0 

20.0 

0451 

First Stripe from rear 932“r 

33 

20 







-8.0 

20.0 

0458 

Second Stripe from rear llOO^F 

34 

igi: 







-11.5 

23,5 

0508 

Third Stripe from rear 1300*^F 

35 

214-' 







-11.5 

23.5 

0514 

First Stripe to Front 1450°F 

36 

24 







-11.5 

23.5 

0524 


3 “ 

22 







Var, 

Var, 

0538 

Variable Wedge Run 1 

38 

23 







V ar. 

Var. 

0 550 

Variable V/edge Run 1 

i 

32 







Var , 

Var, 

0559 

Variable Wedge Run 1 

40 

57 







-11.5 

23.5 

0612 

Sample Failed Before Injection 

1 

58 







Var. 

Var. 

0644 

Variable Wedge Run 2 

) 42 

60 


f 



-6.0 

18.0 

0725 

+ 12 deg — 3 min. Gp. 

|_ 

1 




I 






I’.imlcd with phase-change coating, "Tempilaq'.' 
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Tabic Zc 

AEDC TUNNEL 'C’ ET/TPS MATERIALS TEST RUN LOG FOR 12 FEBRUARY 1975 


Contractor; Martin -Marietta 
Representatives; Steve Copsey 
Bill Dean 
Raoul Lopez 


Test Title: NASA/Martin Insulation 
Project; V41C-91A 
Test Personnel: R.K. Matthews 
Capt, Harper 


Run/Gp 

Configuration 

Mach 

No. 

P 

o 

(psia) 

To 

(Op, 

, I 

6 

(degl 

Time 

(CST) 

Remarks 

43 

67 

B9I 

16 

1800 

1440 

Var. 

A 


Remove Shims 

44 

62 







Var. 

A 



45 

68 







Var, 

A 



46 

64 







Var. 

A 

2311 


47 

66 







Var. 

A 

2325 


48 

61 







Var. 

A 

2333 


49 

63 







Var. 

C 

2345 


50 

63 







Var. 

C 

2350 


51 

65 







Var. 

B 

0042 


52 

69 







-6 

18 

0053 


53 

27 







-6 

18 

0106 


54 

38 







Var, 

A 

0113 


55 

40 







Var, 

A 

0120 


56 

46 







Var. 

A 

0130 


57 

47 







Var, 

A 

0138 


58 

48 







Var. 

A 

0147 


59 

31 







Var. 

B 

0157 


60 

33 







Var. 

B 

0207 


nl 

42 







Var. 

B 

0217 


1)2 

44 







Var. 

B 

0223 


u3 

51 







-6 

18 

0229 

Shock Generator an Sample 

64 

35 







-6 

18 

0237 

Vortex Generator on Plate 

6 5 

37 







-6 

18 

0744 

Vortex Generator on Plate 

66 

43 







Var. 

A 

0253 

Vortex Generator on Plate 

67 

45 







Var, 

A 

0303 

Vortex Generator on Plate 

68 

50 







Var. 

A 

0316 

Vortex Generator on Plate 

69 

52 







Var. 

A 

0322 

Vortex Generator on Plate 

70 

49 







Var, 

B 

0329 

Vortex Generator on Plate 

71 

202 







Var. 

A 

0339 

Vortex Generator on Plate 

72 

201 







Var. 

A 

1350 

Unload, Remove Gen. after Gap 

73 

30 







Var. 

A 

0408 

+ 12° a on Injection. 

74 

39 







Var, 

A 

0413 


75 

41 







Var. 

C 

0423 


76 

34 







Var. 

c 

0520 


77 

26 







+3 

9 

0607 


78 

29 







+3 

9 

0616 


76 

203 




Y 

-6 

18 

0627 

Vortex Gen. on Sample 

80 

36 

10. 

16 

1800 

1080 

-6 

18 

0795 


81 

7 

10.16 

1800 

1080 

-11 

23 

0719 
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Fig. 2 - Pretest Photograph of Typical CPR-421 Foam Panel Without Knit Lines 



















LMSC-HREC TM D390783 


LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 








LMSC-HREC TM D390783 


NOTES: 

1. q at 3 in. back from 
sample leading edge. 


Z. Designed to simulate 
BP 7065 first heat puls 

;;; ::;i 

: B.R 7/05_^ ^ V 

‘ • A : 

&.R70GS~^ 1 


Time (sec) 


Fig. 6 - Trajectory 1 Heating Rate vs Time 
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+ NOTES; 1* q at 3 in. back from 
] sample leading edge, 

i 2 . Designed to simulate 

I BP 7065 total heat pulse 


B-fl 7JO£_ 

AProts- 


i,ox ! 
TM.< H 


— tM.r* 






; r 

t r 


— 




Time (sec) 


Fig. 7 - Trajectory 2 Heating Rate vs Time 
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GRID LINE PROJECTOR 


TV CAMERA 


16 MM MOTION PICTURE CAMERA 


Fig. 14 - AEDC Tunnel ”C" Test Section Showing Wedge in Tunnel and Camera Locations 
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(Btu/ft -sec) 
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NOTES: 1. P =1800 psi 

Z. = 1900°R 

3. T = 960°R 
w 

Foam Panel 



Distance Along Wedge, X (in.) 


Fig, 19 - Hot Wall Heating Rate vs Distance Along Wedge for Various 
Wedge Angles 
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ll 






NOTES: 

i. T = 1900°R 
o 

Z. ss 1800 psi 

3. T = 460°R 
w 

Foam Panel 



i 




Fig. 20 “ Cold Wall Shear vs Distance Along Wedge for Various Wedge Angles 
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O Measured q (converted 
to a 460°R wall) 










L,MSC-HREC TM D3 90783 


^ Measured at Pressure Tap 

O Measured at Pressure Tap 

See Fig. 13 for Locations of Pressure 
Taps and 


NOTES: 


1900°R 


E. P = 1800 psi ■ 




Wedge Angle, 6 (deg) 


22 - Calculated and Measured Local Pressure 
on Wedge vs Wedge Angle 
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Kig. 24a - CoTn|iarison of Laminar and Turbulent Cold Wall Heating 
Rate vs Wedge Angle for Two Total Temperature Values 
{at renter of panel) 

REPEODUCIBILny OP THE 
ORIGINAL PAGE IS POOR 
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Boundary Layer Thickness 


LMSC-HREC TM D390783 


NOTES: 

1. T = 1540°R 
o 

Z. = 1800 psi 



Fig. 28 - Laminar and Turbulent Boundary Layer Thicloiess vs Distance jialong 
Wedge for T^ 1540°R, = 1800 psi 
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Fig. 30 - Typical Shadowgraph of Wedge Fixture/Steel Calibration Panel with a Wedge 
Angle of About 6 deg (Group 26) 
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Tunnel C Test Tank Before Detaching from Wedge Fixture 


31 - Typical Post-Test Panel in 
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Flow 

Direction 


GROUP 


Sample Description 


Matl 


Thickness 


Age at Time 
of T est 


Machined 


Test Conditions 


Test Time 


Remarks: Some "popcorning. " Not much happened to the panel 
due to heating. 
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GROUP 





Remarks: Missing chunks of material on right were lost during 
or after retraction. 


rt 










M.-- fJIi- I- 




levins Ffcoe MoDSL *CTe.l~S' 

Post t«x vWic-TiA 


Samole Description 


CTCl-5 


CPR-421 


Thickness - 0-85 in 

Age at Time 
of Test 25 days 

Surface 

Machined x 

Coated 

As -Sprayed 

Test Conditions 


5 = 12 d eg 

Q = 5.2 Btu/ft^- sec 
c 

P, = 0.4 psi 


T = ^‘0 psf 


Test Time 


FIGURE 34 
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GROUP 


Matl 


Thickness 


Machined 


Test Conditions 


Started to streak early in the test but streaks did not 
seem to grow as fast as at the higher heating rates. 
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Sift: 




GROUP 


Sample Description 


Matl 


Thickness 


Machined 


Test Conditions 


7.9 B tu/ ft -sec 


"Popcorned" right after injection near knit line. Notice 
difference in char downstream and upstream of knit line. 
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GROUP ^ 


"*4 

Ln 



Sample Description 

No. CTCl-3 5 

Matl. CPR-<12I 

Thickness ^ 0-85 in. 

Age it Time 
of Test S '" days 

Surface 

Machined 

Coated 

As -Sprayed 

Test Conditions 

6 = 18 d eg 

q =7.9 Btu/ft^-sec 
^cw ' 

Pj^ = 0.8 p si 
T = 3.2 psf 
T est Time 


FIGURE 41 


62 


sec 


Remarks: Test run with 0.25 incn high vortex generator on wedge 
leading edge. Streaks on right side of panel occurred 
behind the vortex generator. 
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C 5" 

c. ret- ?7 
c-Pn I 
pt 


Test run -vith a 0.25 inch high vortex generator on wedge 
leading eoge. Streak did not occur right behind the vortex 
generator. 


GROUP 03 


Sample Description 



No. CTCl-37 

Matl. CPR-421 
Thickness •>- 0.85 in. 

t 

Age at Time 
of Test 59 days 

Su rface 

Machined x 

Coated 

As -Sprayed 

Te st Conditions 

5 = 18 d eg 

i = 7.9 Btu/ft^-sec 

lew ' 

= 0»8 p oi 

T = 3.2 pgf 
Te st Time 

~ 85 sec 
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't.Ta u. 

filru- 


FIGURE 43 

Remarks: Streaks got wider and wider as they proceeded 
toward the trailing edge of the panel. Panel 
"debonded" from the aluminum after retraction 
from the tunnel in some areas. Panel size = 

17 wide X 26 inches long. 



Test Conditions 
6 = 18 d eg 

q = 7-9 Btu/ft^- sec 
Pj^ = 0.8 p si 
T = 8.2 pg£ 

Test Time 

'H- 62 sec 
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80 



CTCl-36 


CPR-42i 


I'hickness ^ 0.85 in 

Age at Time 
of Test 66 days 
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kr* a r» n t . $ 


c 


cz: CZ3 c =3 e 



FIGURE 45 


GROUP 63 

Sample Description 

No. CTCl-51 

Matl . CPR-421 

Thickness 0.85 in. 

Age at Time 
of Test 59 days 

Surface 

Machined ^ 

Coated x 

As -Sprayed 

Test Conditions 

6 = 18 deg 

q =7.9 Btu/ft^-sec 
^cw ' 

“ Q-6 p si 
T = 3.2 psf 
Test Time 

20 sec 


Remarks: Panel burned through to the aluminum very rapidly. Note 

some coating remaining near leading edge. Flow direction 
is from top to bottom in this photo. 


t?Z.06£a 



CENTER 
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STCl-3 (203) 


SLA-561S 


Thickness 0.5 in 

Age at Time 
of Test ^ 

Surface 


Machined 

Coated ^ 

As -Sprayed x 


st Conditions 


5 = J-8 d eg 


FIGURE 47 

Remarks: SLA-561 panel with pretest cracks and shock generator 

mounted on aluminum and protruding through panel surface. 
Panel burned through to aluminum in front of protuberance. 
Shock generator protruded about 0.50 inches above SLA surface. 


q = 7-9Btu/ft -sec 
^cw ' 

= 0«8p si 


T = 3.2 psf 


Test Time 
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WMaii 


Thicknes s 


Age at Time 
of Test 


Machined 


Test Conditions 


lca^ins Ffic-r 


m backup plate 
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sec 
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Tempilaq seemed to disappear very quickly. Streaks 
were growing without having a preceding crack in 
the char layer. 


GROUP 


Sample Descriotion 


CTCl-17 


CPR-421 


Matl. 


Thickness ^ 0.85 in 


Age at Time 
of Test 


Surface 


Machined 


Coated 


As-Sprayed 


Test Conditions 


5 = 20 deg 


Q = 8.7 Btu/ft -sec 
^cw ' 


Test Time 


FIGURE 50 


m 


Remarks: 
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cr: 


I 


GROUP 




S 


r" 

8 
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m 

m 

Q 

X 

C 

2 


01 

< 
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on 

2 

X 

o 

X 

B" 

m 

z 

o 

z 

m 

m 

X 

z 

o 

o 

m 


m 


00 

U1 



Sample Description 

No. CTCl-20 

Matl . CPR-421 

Thickness 0.85 in. 

/ 

Age at Time 
of Test 43 days 

Surface 

Machined x 

Coated 

As -Sprayed 

Test Conditions 
20 deg 

8.7 B tu/ ft sec 
1.0 p si 

?— psf 
Test Time 



FIGURE 51 


39 sec 


Remarks : 


Some chunks or "popcorn" came out at knit line before 
injection. 
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CPR-421 


Thickness ~ 0.85 in. 


Age at Time 
of Test 43 days 


Surface 


Machined 


Coated 


As-Sprayed 


Test Conditions 


6 = Z3.5 deg 


q =10 Btu/ft -sec 


Test Time 


FIGURE 53 


Remarks: Note difference in appearance in panel/char in front of and 
behind knit line. 


GROUP 


Sample Description 


CTCl-24 
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czz; cr: 


cz 


GROUP 34 


00 

00 



Sample Description 

No. CTCl-19 

Matl. CPR-421 

Thickness 0.85 in. 

Age at Time 
of Test 38 days 

Surface 

Machined 

C oat e d 

As -Sprayed 

Test Conditions 

5 = 23.5 deg 

q =10 Btu/ft^-sec 
^cw ' 

Pl =M5psl 

T = 4.0 psf 
Test Time 


FIGURE 54 


~ 22 sec 


Remarks: Used Tempilaq strips on rear of model to try to determine 

surface temperature. 
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GROUP 


00 

nO 


O 

O tu 
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gs 
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Sample Description 

No. CTCl -6 

Matl. CPR-421 

Thickness 0.85 in. 

/;;?e at Time 
of Test 25 days 

Surface 

Machined x 

Coated 

As -Sprayed 

Test Conditions 

6 = 38 d eg 

q = l6*Btu/ft^-sec 
^cw ' 

Pj^ = 2.9 p si 
T = 4.5 psi 


FIGURE 55 


Test Time 


Remarks: Foam receded very rapidly over entire surface rather 

than streaking. Thin layer of foam was left at end of 
run but delaminated and blew away and left the bare 
aluminum on retraction or while in tank before tunnel 
doors were closed. 


~ 10 sec 


rom extrapolated 
measured values. 


vnnsf 
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GROUP 



Sample Description 


Matl 


Thickness 


Machined 


Test Conditions 


These streaks went almost through to the aluminum. (Note 
one human shoeprint on upper left corner.) 
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FIGURE 57 


GROUP 

Sample Description 

No. CTCl-23 

Matl. CPR-421 

Thickness ^ 0.85 in. 

Age at Time 
of Test 38 days 

Surface 

Machined ^ 

C oat e d 

As -Sprayed 

Test Conditions 
5 = Tra j. 1 

2 

q = Btu/ft -sec 

lew ' 

= psi 

T - psf 

Test Time 

105 sec 


Remarks: Streaks went almost through to the aluminum. Would 

possibly have receded all the way through to the aluminum 
except for the "rind" or higher density foam layer adjacent 
to the aluminum. 






CZ2 C 
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GROUP 


Matl 


Thickness 


Machined 


Test Conditions 








.rfrir-JB! 


Remarks: Net sprayed panel. Note glossy char near leading edge. 

Char looked much blacker and stronger during the test 
than the machined panel char. For pretest photo, see 
F 


• S'- 




Flow Direction 


FIGURE 60 
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Age at Time 
of Test 6 days 


Surface 


Machined 


Coated 


As-Sprayed 

Test Conditions 
5 = Traj.A 


Test Time 


-w i04 sec 


FIGURE 61 


Panel was machined and coated and had knit lines. Note 
that some of coating still remains. 
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crc c— 


Flow Direction 


GROUP 


Sample Description 


CTCl-64 


Matl. 


CPR-421 


Thickness 


FIGURE 62 

Remarks: Coating seemed to protect the foam in beginning of test. 

Seemed to have a heavy, black protective char during t-st. 


Age at Time 
of Test 11 days 

Surface 

Machined 

Coated ^ 

As-Spraved ^ 
Test Conditions 
5 = Traj. A 


Btu/ft -sec 


Test Time 
105 
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Flow Direction 


GROUP 


Sample Description 


Matl 


Thickness 


Machined 


Test Conditions 


Panel was looking good during test until large plug blew out of center. Failure was 
apparently due to buildup of pressure under panel — possibly due to heat-up of wedge 
fixture under aluminum panel. {Note; The foam panel was sprayed on another surface 
then removed and bonded to this aluminum plate. This was necessary to come out 
with about the right total panel tl.ickness because the as-sprayed thickness is not 
accurately controllable. ) 
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Flow Direction 


GROUP 


Sample Description 


Matl 


Thickness 


Machined 


Test Conditions 
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GROUP 66 

Sample Description 

No. CTCl-43 

Matl. CPR-42 1 

Thickness ■*»- 0.85 in. 

i 

Age at Time 
of Test 61 days 

Surface 

Machined ^ 

Coated 

As-Sprayed 

Test Conditions 
6 = Traj. A 

2 

q_ = Btu/ft -sec 

c 

Pl = 

T = psf 

Test Time 


FIGURE 65 

Remarks: Test run with 5/8 inch high vortex generator on wedge 
leading edge. Streaked first to the left of the vortex 
generator, then directly behind the vortex generator. 
Receded almost to the aluminum. 
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GROUP 69 

Sample Description 

No. CTCl-52 

Matl. CPR-421 

Thickness 0.85 in. 

Age at Time 
of Test 66 days 

Surface 

Machined x 

Coated x 

A 8 -Sprayed 

Test Conditions 

5 = Traj. A 

q = Btu/ft^-sec 

^cw ' 

Pl = 

T = psf 

Test Time 

104 aec 

Remarks: Test run with 5/8 inch vortex generator on wedge leading edge. 

Streaked some behind vortex generator. Some coating remained 
on panel near leading edge after the test. 



FIGURE 66 


n in r >11 • — 
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t 

Age at Time 
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Test Conditions 
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FIGURE 67 


Test Time 


— 98 sec 


Remarks: Very little change in panel appearance during test. Pretest 
defects did not seem to affect performeince. 
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Direction 


GROUP 


Sample Description 


CTCl -65 


CPR-421 


Remarks: Panel looked good after test. Had a glossy black, strong 
looking char layer that held up well. 
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Thickness -^1.57 in. 


Age at Time 

of Test 11 days 


Surface 


Machined 


Coated 


As-Sprayed 


Test Conditions 


= Tran. B 


Btu/ft -sec 


Test Time 
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FIGURE 68 
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FIGURE 69 


Sample Description 

No. CTCl-41 

Matl. CPR-421 

Thickne s s ^0.85 in. 

Age at Time 

of Test 59 days 

Surface 

Machined x 

Coated 

As-Sprayed 


Test Conditions 


& = 

Trai.C 

• 

q = 

^cw 

2 

Btu/ft -sec 

Pl =. 

T = _ 

psi 


Test Time 


Remarks: Panel did not burn all the way through! I ] 


’■*-625 sec 
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Fin. 73 * Recession Rate at the Bottom of the Streaks vs Hot Wall Heating Rate 
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reproducibility of the 
ORIGINAL PAGE IS POOR 


Fig. 74 - Recession Rate at the Bottom of the Streaks at 2 in. from the Trailing 
Edge vs Cold Wall Heating Rate 
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0 Fig. 75 - Recession Rate at the Bottom of the Streaks at About 5 in. from the 

Trailing Edge vs Cold Wall Heating Rate 
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ORIGINAL PAGE IS POOR 


Fig. 78 - Streak Width Rate vs Cold Wall Heating Rate at 2.0 in. from Trailing Edge 
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Fig. 79 - Streak Width Rate vs Cold Wall Heating Rate at About 5 
in. from Trailing Edge 
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Fig. 80 - Streak Depth vs Distance 
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Fig. 81 - Streak Width vs Distance Along Streak for a Wedge Angle of 18 deg 
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Fig. 83 - Streak Width vs Time from Injection at Approximately 2 in. 
from Trailing Edge for Wedge Angle of 18 deg 
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Fin- 84 - Time to Start Streaking va Cold Wall Heating Rate 
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Fi^.85 - Comparison of AEDC Data with MMC "Design" Curve and Langley Arc Jet 
and Langley Mach 10 Data Curve Fits (Average minimum recession curve) 
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Fig. 86 - Comparison of AEDC Data with MMC "Design" Curve and Langley Arc Jet 
and Mach 10 Data Curve Fits (Recession rate at the bottom of the streaks) 
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Fig. 87 - Tunnel 'C Sting Adaptor Sections Showing Contamination 
frorn Foam 'Ablation' Products (Note right side of section 
on right where contaminants have been scraped off.) 
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TECHNICAL NOTE 


Appendix I 


D 

D 


Huntsville Research & Engineering Center 


Contract NAS8-25569 Date 9-25-75 Doc. LMSC-HREC TN D390948 


Title: stress analysis of the gas generator combustion chamber 

i i BODY AND THROAT 


J A finite element stress analysis was performed on the subject structure 
using the LMSC SAP-IV structural analysis program. The purpose of this 
1 study was to determine if slippage or yielding will occur at the inter- 
J face of the steel and copper sections of the chamber. 


0 

a 


Page one of the attachment is a general view of the structure analyzed. 

Thermal loads were applied to the structure as shown on page two of the 
attachment. 

Page three of th€: attachment presents the modeled structure and 

the locations of the connec:ting bolts which tie the steel and copper sec- 
tions together. Compressive forces were applied to the structure at each 
bolt location based upon a 350 in-lb torque value for each bolt. 

The structure vras idealized using "brick" elements. Stress values at the 
centroid of each element were obtained as well as the stress values at the 
interface plana. 


The highest stresses found in the structure indicate a margin of safety 
greater than 10 for the steel section, and greater than 7 for the copper 
section. 


0 

0 

0 

0 

0 

0 


Also, no slippage should occur at the interface. The normal forces incurred 
by the torqued bolts are sufficient to overcome the shear forces due to 
temperature loading. 


E. L. Bernstein 



W. A. McCutcheon 

Approved; 

B. Hobson Shirley, Supervisor 
Engineering Sciences Section 

Attach: pp. 2 and 3. 
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Appendix J 

McCutcheon, W. A., "Revised Stress Analysis of the Gas Generator Com- 
bustion Chamber," LMSC-HREC TN D390949, Lockheed Missiles & Space 
Company, Huntsville, Ala., 25 September 1975. 
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TECHNICAL NOTE 


Appendix J 


Huntsville Research & Engineering Center 


U Contract nasb-25569 


Date 9-25-76 


Doc. LMSC-HREC TN D390949 


0 


Title: revised stress analysis of the gas generator combustion chamber 


0 

0 

0 

0 

0 

0 


n 

ii 


The subject analysis was accomplished using the revised torque loads 
(200 in-lb) on the connecting bolts. 


Page one of the attacliment shows the relative deformations which occur 
using the temperature loads of the previous analysis. 


Page tv;o shows the copper/steel interface plane, and the values of 
shear/normal stress along the plane. Based upon a friction coefficient 
of 0.36, the graph shows slippage will occur between the copper and 
steel faces. 


c 



W. A. McCutcheon 


Approved: 





B. Hobson Shirley, Supervisor 
Engineering Sciences Section 


Attach: pp. 1 and 2 
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Appendix K 

Ratliff, A. W., "Analysis of Low Enthalpy Hot Gas Facility (LEHGF) Igni- 
tion Sequence," LMSC-HREC TN D496675, Lockheed Missiles & Space 
Company, Huntsville, Ala., October 1975. 
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TECHNICAL NOTE 


Appendix K 


U LOCKHEED 

U Huntsville Research & Engineering Center 

j Contract NAS8-25569 Date October 1975 DoC. LMSC-HREC TN D496575 

Title: ANALYSE OF LOW ENTHALPY HOT GAS FACILITY (LEHGF) IGNITION SEQUENCE 

a _ 


0 




Analysis of the Low Enthalpy Hot Gas Facility (LEHGF) ignition sequence was 
recently conducted utilizing the mixing finite rate reaction capability of the 
LAMP code. The kinetic mechanism includes both ignition and quenching re- 
actions (Table 1) since the main concern was whether or not the ignition could 
be sustained in the presence of large air flow rates. 


Table 1 

i ’ 

i ' REACTION MECHANEM 



!1 



Reaction Considered 

^ 1 

Constants Used in Rate 

Constant Equation** 

(A) 

(N) 

(B) 

OH 

+H 

+M1 + 

= H20 

+M1 

6.1 -26 

. 

o 


O 

+ H 

+M1 

= UH 

+Ml 

2.0 -32 



O 

. +0 

+Ml 

=02 

+M1 

3.8 -30 

1 .0 

-340. 

H 

+H 

+M2 

= H2 

+M2 

2.8 -30 

1 .0 


OH 

+H 


= H2 

+0 

1.4 -14- 

■1 .0 

-7000. 

OH 

+0 


= H 

+02 

4.0 -1 1 



OH 

+H2 


= H20 

+H 

l.O -17 

-2.0 

-2900. 

OH 

-♦•OH 


=H20 

+0 

1.0 -11 


-1100. 

H 

+ 02 

+M14 

= H02 

+M14 

6.7 -33 


58Q . 

Hoa 

+H 


= H2 

+ 02 

4.2 -11 


-700. 


+ H 


= OH 

+0H 

4.2 -10 


-1900. 

H02 

+0 


-OH 

+02 

8-0 -11 


-1000. 

H02 

+0h 


= H20 

+02 

8.3 -1 1 


- 1000. 

••■102 

+H2 


= H20 

+0H 

1.2 -12 


-18700.1 

H2 

+ 02 


=0H 

+0H 

2.8 -1 1 

1 

-48200. 


Thoenes, J., A. J. McDanal, A. W. Ratliff and S. D. Smith, "Laser and Mixing 
Program (LAMP) Theory and User's Guide," Lockheed Missiles & Space 
Company, Huntsville, Ala., June 1974. 

3jc>(e — N 

Arrhenius form of rate constant, k = AT~ exp (B/RT) 

^The Ms represent the catalytic or nonreacting species. 
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The analysis was carried out in a steady state mode using the nominal run 
conditions as follows; 


P = 100 psia 
c ^ 

O/F = 150 

= 35 psia 


AP 


GH. 


m 


air 


m 


GH- 


1 0 psia 

29.6 Ib/sec 
0.195 Ib/sec 


The problem was formulated based on Fig. 1 which presents the general 
LEHGF configuration. An ignition source (J-2)igniter) was simulated by 
assuming the localized combustion products and properties about the source 
to be in equilibrium. The finite rate -mixing analysis was initialized and the 
combustion was then controlled by the relative effects of mixing rates and the 
kinetic mechanism. The mixing rates were defined by the turbulent kinetic 
energy model (TKE) which is based upon experimental measurements. 

The results of this analysis indicate that with the continuous ignition source 
providing an initialization of the finite rate calculation, the LEHGF system 
does indeed ignite and burn successfully utilizing the nominal operating con- 
ditions listed above. As shown on Fig. 1, the flame starts on the sides where 
the igiViters are located and proceeds to the combustor centerline approximately 
six inches downstream of the injector face. These results are somewhat con- 
servative since the flame front will likely propagate even more rapidly than 
indicated by this analysis. 



Advanced Technology Systems Section 



Advanced Technology Systems Section 
Attach: Fig. 1 

“^If the igniters are not operated continuously, the flame is quickly 
extinguished due to the quenching reactions, 

2 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 








LMSC-HREC TN D496575 


y 


!1 








u 

y 






Fig. 1 - LEHGF Injector/Combustor Configuration 
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Appendix L 

McCutcheon, W. A., "Stress Analysis of Gas Generator Throat with Re- 
vised Temperature Grid and Internal Pressure Loads," Lockheed 
Missiles & Space Company, Hvmtsvilk;, Ala., 17 November 1975. 
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LOCKHEED 

Huntsville Research & Engineering Center 


it Contract NAS8-25569 


Date 11-17-75 


Doc. 


LMSC-HREC TN D496707 


0 


, STRESS ANALYSIS OF GAS GENERATOR THROAT WITH REVISED 

'•tie: temperature grid and internal pressure loads 


0 

y 

0 

0 


The gas generator throat stress analysis was accomplished using the SAP-IV 
structural analysis program. Results indicate that stresses will not ex- 
ceed the yield values of the materials. 

At the interface of the steel and copper structural components, particular 
attention was given to assessing the possibility of "slippage" occurring 
due to the different material properties and temperature disparities pre- 
sent. Reduction of stress data at the interface indicates "slippage" should 
not occur during the hot phase, but after cooling the structure should be 
examined and the connective bolts retorqued if required. 


Internal structural deformations were examined as a possible source of flow 
distortion in the throat section. Cross sectional areas were calculated 
for the deformed structure at three planes as indicated on the attached 
figure, and compared with the unstressed structures' cross sectional areas. 

The area of the plane bounded by: 


ABCD Increases 0.7% 

EFGH Decreases 0.5% 

IJKL Increases 0.6%. 
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U B. Hobson Shirley 

Engineering Sciences Section 

y Attach: p. 2 
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Appendix M 

Dean, W- G., "Quality Assurance and Inspection of Work Accomplished 
in the Design/Fabrication of the Modification of the NASA-MSFC Hot 
Gas Test Facility," LklSC-HREC TM D496686, Lockheed Missiles & 
Space Company, Huntsville, Ala., January 1976. 
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TECHNICAL NOTE 


Appendix M 
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LOCKHEED 

Huntsville Research & Engineering Center 


I Contract NAS8-25569 Date 14 January 19 76 Doc. LMSC -HREC TN D496686 

QUALITY ASSURANCE AND INSPECTION OF WORK ACCOMPLISHED IN THE 
Title: DESIGN/FABRICATION of the modification of the NASA -msec hot 

1 GAS TEST FACILITY 


SUMMARY 


( 

Li 

!1 


This report documents the quality assurance and inspccLl"'n efforts performed 
under Contract NAS8-25569 "Design and Develop the Modifications of the MSFC 
Hot Gas Test Chamber" by Lockheed -Hunts ville for NASA -MSFC. The NASA 
CORs for this Contract were Dr. K.E. McCoy, S&E, EP 44, and Mr. R.N. Stone, 
S&E, ET 18. 
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The method used to document these efforts is generally to present copies 
of t'ne various original documents executed during the contract for quality 
assurance and inspection, receiving, shipping, etc., purposes. This method 
was suggested by NASA -MSFC quality assurance personnel responsible for 
monitoring these efforts by Lockheed as being sufficient documentation for 
their requirements. 


These copies are attached as separate sections as follows: 


Section 1: Welding/Fabrication Subcontracted Efforts 

• Subcontractor's "Quality Sensitive Hardware Capability Survey" 
statement for NASA-MSFC on Form DD-1232. 

• Subcontractor's packaging/ shipping form, showing inspection, 
welder, welding filler rod, certifications, and drawing number 
references which call out NASA-MSFC Welding Spec MSFC, -135, 
and Lockheed receiving/acceptance signature. 

• Subcontractor's material certification copies (for nozzle, test 
section, and support stand materials). 
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Section 2: LMSC Minimum Quality Control Specification 

Section 3: Cryopanel Subcontractor's Efforts 

• Cover letter 

• ASME Form U-lA, (pressure vessel test report) 

• Shop inspection/certification form 

• ASME compliance/certification form 

• Shop bill of materials 

• Raw material certification 


Section 4: 
Section 5: 
Section 6: 
Section 7: 
Section 8: 
Section 9: 

Section 10 : 


Throat Section Material Certification 

Silicone O-Ring Material Certification 

Dummy Calibration Panel Materials Certification 

Air Manifold/ Tubes Material Certification 

Subcontracted Manifold Welding Certification 

Lockheed Project Engineer's Statement of Compliance with 
Drawings 

Calibration Panel Material Certification 


Section 11: NASA-MSFC Acceptance Form, with Return of Government 
Supplied Hardware 
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Section 12: Lockheed Shipping Notice/Loaning Windows to NASA 
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Proof Tests: All proof tests and their results are documented in the following 
report: Dean, W.G., " Mod if ication/ Fabrication of the NASA- 
MSFC Low Enthalpy Hot Gas Test Facility,” LMSC-HREC TM 
D496690, January 1976. 



Hot Gas Facility Modification Project 





B.H. Shirley, Supervisor 
Engineering Sciences Section 
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O'JALITY F^KiPSSSENTATiV 


I. FKC-W: (Nsttta, *cfcfrj!»ii anrf ZW Cod-? o! QAR) 

Mr. Jesse P. King 
DCASO HuntsviUe 
2109 W. Clinton Av». 

Huntsville, AL 35G05 


Mr. Robert llieKer 
MSFC-tC-22 

Marshall Sj'aco Flight Center, AL 35812 


1. COf.'T >«ACT, »». O.. Of» O. I. t«OMB6K 


Pedigo U'eldlng t Fabrication Co. Inc 
/ r . 0 . Box 40 

Lacey's Spring, AL 35754 


suujccTi Qviality S.anoitivn Hardware Capability Sui’vey 


This scrvcy w.?.a psrfcra&d Aug 26 1975 with the assistance of 14r. Robert Riciner, | 
end liT. John Hofues both of !45FC ^^aality Lab. To assure t.''.at this supplier has the; 
capability of perforudng work on Quality Sensitive Hardv/^re, they were surveyed | 
rhfct '*j. Check list j^l, C'enerr.l Quality Requirerr.ent s , Check } 

XX V 3t { • L 'i , V'l.cciv J.XOO j or;** onec.N xa,sx. o, | 

Uitagory 5 u vixti spocial proccpsca , xhe"<qp^cifiod requirarients Doing t 
C>.vtegory 5(a), Painting end Catagery 5(o d The?;e two c&tagcries wer e j 

reviewed ard found to b'-? acceptable and tne~cuppilcr capable of psrfoimlng work 
on Quality Sencitive K/'rdvare in the areas. • 

It nust be noted thi’;t during the required ourvey it was dotcrudned that Pedigo 
V.’elding nico ha& the canibility to p-^rfora the heat tro#.t process. Thalr 
capability ica f. lieat mrge up to 2COC^ arxl ctn tike Iteifa up to 24'‘3:.18"x30" . 
Although i)icy enn parfoiTi heat trer.ts;.'2nt , the required A^rdneso checks rjust be 
p.ccoinpiished by &n outside vendor. This procedure is acceptable ns Pedigo would 
be responsible for the Quality of all work perforx.ed by outside vendors. 

During tho survey, no aref.s were noted that Fedigo was not in conpliance >d.th 
their written pi'ccedurea. With this in Ednd it is reco::^?:or.ded that Pedigo U'eldir.g 
be placed on the Qualified Suppliers list for Catagorlcs 3»4,6 !i 5(s^, 5(o) and 
5(d). lliG only area tt>at Pedigo was not su:*veycd for v*ao C^-tagory 2. 

5'hia C^tago^ is Precision and Sp^cialltcd Jiachlning. At this tic:;5 Pedigo does 
not have thd& capability. If in the futiu'e, this supplier, obtains this capab*‘iiy 
,they \dll be surveyed using Check liet ;k6. 

Based on the firdinje, of tjfiio ourvey it ie the opird.on of this that Pedigo 

Welding and Fatrication Co. be placed on the Qaillfied (Suppliers list. 


.*iM 
• UZT 


I 


;Ttt 





D 


Section 1, page 2 
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CUSTOMER ORDER NO. 
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WORK ORDER NO. 
!• <' r\'3 


GOVT. CONTRACT NO. 


ROUTING 


QUANllTY 1 


DESCRIPTION 
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Test Report of 
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BIRMINGHAM ALABAMA 
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or Shipping Notice, 


Car Number 
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Nntfrry Public 

My Commission pvpirp^ ‘''i V ' " 
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correct, os contained. in the records of the company. - 


£■:. lOv.T 


b®kodwbilot 
ORIGINAL PAGE B POOR 

































y 

I X I 


^<2AUKLa« ^ 3 W> f . < * K »i t 

**if<SWKrW i^VTlilfTW.j 


pqOOHCIWGMH.1: 

JUfjCTON 140 ii HIGHWAY 27 - P 0. OOX 237 
HARfHMAN. TENNESSEE3774B 
PHOHE: (E1SI aS2-533t 



f— |f-==nuj 

U .TsTsli.m K*^ 


HIGHWAY 07 a VAK DYKE PD. - P.0, BOX 210 
NEWPORT. ARKANSAS 72112 
PHONE; IS01) 523-3E93 


MATERIAL 325 

FURNISHED TO o NEAL S-TEELf iNCo TFSMILLNO. 3123 DATE U/H6/7*J- 

CUSTOMER ORDER NO. Q-.12240 PACKING SLIP NO; 8628 CCB ' ■ 


3RADE 

DESCRIPTION 

HEAT 

NO. 

YIELD STRENGTH 

ULTIMATE STRENGTH 

% ELON- 
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SIN. 

* 

BEND 

TEST 

WT/FT 

, 

CHEMICAL ANALYSIS 
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A36 - 70A MOD TO MIM. SO.OCO PSi YIELD 


STATE' OF TENNESSEE 
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Republic Steel Corporation 
Cleveland OH 44101 


17 


^UOlilHT 


SMIPPCSO fHOM 

ALA CITY 


■ "'''7Nvb4tie NiJMDei 

0a\1€?S 


INVOICE DATE j/f INVOICE NUMDER 

?9C(- 


9 131175 

' f)u*uui.ic oitp&ii Ma 

0 »Ut I NgfMdin I MFC. 

13H39S5|70^ 


rcuiiroMEn ABaRr,vi^TtoNU*i.c»cal &p 

* iDitf.imt] 


|0«EAL STEEL 1k0|01|I5S' 


CONTROI. card] 

5S551 


ns 


/.j «AT* [CCU.U. O TAK ^ |Wf^ , RVM»-C«-pC«. <=tA«] 

001I337! |3ppo |l3|l6| Q |567550|0U$0| 


I 


ACCOUNT 


O' 


ff 


?0NEAL STEEL, INC. * 

“P,0.B0X 3S3.3 

iBIRfi INGHAM, AL 35302 

^ONEAL STEEL, INC*, 

•745 NORTH 4 1 ST STREET 
-tSIRMINGKAM, AL 35222 


* 

MD L 


4 


g 30-l/2*'10 


_| 


1 

Pflj 

l| 


, CALEB PRODUCT ^ 
>fl| CLASS tSl 2 C|l 41 l.l.| 


I|l900p0p0| 


Certificate of Tests a 


("SHIP TO" 4AME AS "SOLO TO" UNLESS OTHESVIlSE IHOICATEP) 
••■P" PARTIAL SHIPMENT .•c" COMPLETE SKIPHENT 


ITEM * 
NO. 

UNITS SHIPPED 


iC 


1^// ^ " 




4C 

203'S2# 



41749# 



REPOOLIC PRODUCT DESCRIPTION 

ASTM A-283-74 GRD D HR STEEL PLTS 
CLASS m 


0 


1/1-4 X 84 CUT EDGE X 240 


3 PCS 


ASTM A-36-74 HR STEEL PLTS 
n CLASS IV 

^ 1/2 X 48 CUT EDGE X 240 . 13 PCS B| 

. LOOSE 

ACT PCE CT USED IS PCS 


SHPT ^OVD 3Y INVS 704 » 16290-92 -92 




I CERTIFY THAT ThC HaTCRIAL LIST£D HCR£iN HAS D££N INSPECTED AND T£BTHQ IN ACCORDANCE WITH THE METHODS PRCSCRIQEO IN THE COVERNINC 

SPECIFICATIONS AND BASED UPON THE RESULTS OF SUCH INSPECTION AND TESTING HAS BEEN APPROVED FOR CONFORMANCE TO THE SPECIFICATIONS. 


iJ 


fr' 

U 


By. 


A. D. Gordon, Chief Metalliu^st 




FR7. PPD 51800# 



ircH 

NO 

HEAT NO. 

EH N 

ca'rbon 

MANO. 

PHOS. 

SUL. 

SIL. 

COPPER 

NICKEL 

CHROMe 

MOLY. 

VAN 

S 

1 

74’7524C 


20 

.-77 

on. 

026 

- 


‘ 




< 

z 

< 

4 

748286? 


22 

45-. 

0!0 

024 




■ 

■ 




ff 


1 

m 


4^ 


LBS. PER SQ. (N. 


i 


LiicU 






HEAT NO. 

SIZE 

Yield 

POINT 

■533S933IMI 

■ V ' J 

% ELONG^_ ‘ 

% REOlAREA 

BRINELL 

ROCKWELL 

BEND TEST 

remarks 

7h732ijO 

7L02Q67 

% 

i-i/L" 
1/2 « 

3h6fiO • 
hl950 

'66120 

6L6oO 

Q 

29.0 

27.0 


. -• 

OK 

OK 

• 






























* >;«»« 
1 


[T3 -dj Gd dJ. ,.CG;]-\-'CiZi.:. ra^. 


MAIL ADDRESS: 

P. O. Bo* t170. Ashuand. Kentucky 41101 
PHONE; 920-6441 — Area CODE 606 


Kentucky Electric Steel Company 

TESTS REPORT 


SHIPPING POINT 
COALTON, BOYD COUNTY, KY 


O’Keal Steel, Inc* 
P.O. Box 2623 
7^5 North 41st Street 
Birialngham, AL 35202 


retruaay lU, 


iNvoics ■ / "Z '2 '/f'* ^ 

No. f ^ .^..VL-Date—*^ 

CUSTOMERS . B-12^69 ’ 
ORDER No. 


W 3S5<58 


KE*T OR 
UOT NO, 


DCSCRIPriON 


ARC* 

ACTUAL % 


YIELD POINT 




ultimate strength percent 
— =r==- elongation beno 


CHEMICAL ANALYSIS 


s SI I CR Nl I VAN 



Subscribed and sworn to before me this 


Fe bruary , ^ 75 


THIS IS TO CERTIFY THAT THE ABOVE IS A TRUE J 
CORRECT COPY 0» CERTIFIED REPORTS OF THE 


NOTARY PUBt-lC. SOYO COUNTY. KY. 

MISSION eXPIRFS 10“27*'76 


MV COMMISSION EXpfRES_ 










































s ma ^ 




FQST OFFICE BOK 577-/ BlRMlNGHAiifl, ALABAMA SSSOa 

i^fSPECTeOW 


Q1R?J]]M(=!^AFA 


ALflaaMA ....... 13^ 


, ^A4:T ^ 

P, ^ . Sox ^^^3 


REPRODUCIBILITy OF T 
ORWAL PAGE IS POO 


HBAT on 

uot «o. 








DAV 

Ti-nS IS TO CEFITIFV TMA7 Tl-iS AGOVS SS A tr:*u£ AfCD GOTJriECT CG?Y 



GERTIFIGD BtPORTG 0? t«2 ASDV2. . ^ 


KOTiin? ?ucu<ia 


»CTALbU:!C93 































































^ cn, c; 

P. O. Sox UTS. ASHUAiJp. KENTOCKr 4:1101 


PHONE: 928-S441— Area Code 606 


TESTS REPORT 


*' SHiPpmd p^T ^ 

COAUTON. BOYD COUNTY, I 
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ORDER No J™:£ 22 iL 
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DESCRIPTION 


ACTUAL % 
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nCTtCAL 


||£j 3 iT^^gaP 5 x»iLi 


csm^^sD 


PERCENT 
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CHEMICAL ANALYSIS 
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OnALITY AS5JURANCE REQUIREME 


. 3 , f‘^y 


FOR ENGIK^KERINC RESEARCH DEVELOPMENT PROGRAMS 


LMSC MINIMUM QUALITY CONTROL SPECIFICATION 
SCOPE ■ ■ 

» *i * 

This specification is the minimum quality control requirement for all hardware 
produced by LMSC, except shop, laboratory/or test aids produced under 
research and developmental programs which have no direct effect on program 
results or customer requirements. 

Since practiGally all end-item and some non-end r-item hardware prodxTction is 
governed by specifications contractually imposed by the customer, this speci- 
fication is designed primarily to cover limited production, ■ research and 
development, and Company -sponsored hardware programs. 


APPLICABILITY 

This specification is applicable to program hardware produced under tliese 
conditions; 


a» Vheu no other quality control specification is invoked by a contract. 

b. i'.'hen customer or contract requirements arc less stringent than the LIviSC 
Ivlinimum Quality Control Specification. 


c. On Locldieed-funded programs where there is no contract with a customer. 


OBJEC TIVE , . . ■ 

Quality and reliability shall be major considerations in the fabrication of all li.MSC 
hardware. The objective of this specification is to esta.blish a discipline for 
quality and reliability, consistent with the stage of hardware development, which 
will; ■ . ' ’ . 

a. Assure meeting contract requirements and the objectives of LMSC programs. 

b. Facilitate orderly and economical transition to the next phase of hardware 
development or^production. 


e. Provide the freedom of a.ction necessary for thjf timely prosecwtinri of 

research and development* effort and timely and economical fabrication of 
. hardware. _ ... 

GUIDE LINES F0R US Fi 


This spoctCi Cc-tion covers a broad spectrum of hardware production and iU: 
pro\'isions stiaUbe applied and interpreted judiciously, v.*ilh due coii5ide?;atiou 
to tnc state of hardware development and intended u.se of the hardware itself, 

im 


PAGE BLANK NOT FILMED 


OUAI.ITY ASSUKANCK KEQU1REMKNT5' 

FOK ENGINFEIUNG KESEAUCU DEV3:]J.CPIvn.':NT PKOGJUMS 


.MSC MINIMUM QUA.UTY CONT HON SPECIFICATION 


(cout’cl) 

Adequate considei-ation should be given to the possibility that devclopiment 
hardware may be x^sed for purposes beyond the original inteiit. For exaraple, 
developn-jent units may become prototype units and prototype units may become 
qualification test units., 

REQUIREMENTS 


Documentati on . ■ ; 

a. Drawings, sketches, specifica-tioias, test procedures, and/or planning 
documents used to establish acceptance criteria, fabricate, and to test 
shall be controlled to the degree necessary to permit the item to be 
rcx^roduced, 

b. Documents may be marked up and altered during fabrication or testing, 

as authorized by the program manager or responsible engineering authority 
but must be sufficiently clear and legible that hardware can be reproduced 
from the altered documentation. •'* 

c. Program managers shall establish a permanent program record which will 
oontain or facilitate location of hardware fabrication, tesc and inspection 
documentation sufficient for fulfillment of the Company objectives. 

d. A record of significant events affecting the quality of prograin hardware 
will be kept in enough detail so that at program completion a summary of 
the program can be made. 

e. Test results will be recorded in a permanent type notebook or simila l 
document which can be identified to the hardware tested and retained as 
part of the permanent program records established by the program manager. 
Date of test and pertinent conditions influencing test results will be recorded 

f. Inspection results and inspection , discrepancies will be. recorded as 
established by ihe Program Quality Plan and retained in the same manner 
as test results. 

General Workmanshi p 

a. Quality of general v/orkma.nship shall be of a caliber that will neither 
jeopardize the usefulness of the hardware nor compromise the LMSC 
reputation for quality hardware. 


QUALITY ASSUKANCE ^ 

FOR Xi^NGIlNiEEiaNG RESEARCH £t DEVELOPIvIEMT PROGIUVMS 


"1 ■ . ■ 

^ LMSC minimum QUALITY CONTROL SPECIFICATION 



Gonci^al WorltmansLTp (con iiii ued) 


b. 


The organization as sigi:ed inspection responsibiliL/ by the prograni 
quality plan shaJl detcrmiiio iLc inspectiGn methodology and perfoii. 
inspection a.nd test function'-^ as necessary to ensure compliance with 
the requirements of 5, 2>a, above. . 



5,3 , R c c ei ving In s p e c ti on 

All subcontracted or purchased material shall be inspe cted upon re ceipt for count, 
identification, and de. mage, and in addition shall be subjected to inspection and 
test as required for verification of complicince with other acceptance criteria 
as defined by the subcontract or purchase order. 




Eq uipment for Hardware Inspecti on and Test 

Inspection, and test equipment employed to determine pertinent hard'vare 
characteristics should be calibrated as frequently as necessary to assure 
required accuracy. The calibration should be against mea.surcment standards 
traceable to the National Bureau of Standards, except v/here the state-of-the-art 
precludes cojupUance, 



Non- Conforming Material 

Subject to contractual limitations and the cognizant Division's procedures, wie 
orogram manager or his designee may waive-or alter requirements as necessary 
^5 aGcompIish program objectives Physical and functional characterisliGs of the 
completed hardware v/hich do not meet the requirements of the documetitation shall 
be recorded and dispositioned in accordance with Divisional procedures. 

FINAL BUY-OFF AND DELIVERY ‘ 

After all inspection and tests are completed', the appropriate manager{s) 
or designee (s), in accordance with Divisional procedures , shall be the final 
authority as to whether the hardware meets the design requirements and 
objectives of tlie prog-ram and is ready for deUVery to the customer. 
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DEAN PRODUCTS JNC., 
905 Dean Street. 
Brooklyn. N.Y.l 1238 
Phone; (2123 789-4444 
Telex; 128669 
Cable: Deanpancol. 
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Lockheed M!sst1es & Space Co. 
4S00 Bradford Drive 
Huntsville, ALA 35807 

Attention; Mr. Don Crutcher 


Dean F.O. ^o. 7921 
Subject; ASME Certification 
Gentlemen; 

. We are ^ end os ing ASME Form U-IA, Nos, ^^31 through and 
ittciudtfig - for your record and file. 

We appreciate this opportunity to be of service to you. 

Yours truly, 

DEAN PRODUCTS, INC. 



W, Kenny 
Order Service Dept. 
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SEE TERMS AND CQlStOmONS- OF.SALE ON othl-h Si.ii.NE 




FORM U-1A MANUFACTURERS' DATA REPORT FOR PRESSURE VESSELS 
(Alternate Form for Single Chamber, Completely Shop-Fabricated Vessels Only) 
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STATEMENT OF COMPLIANCE 


All parts and components of the NASA-MSFC Hot Gas Facility as 
delivered on 17 December 1975 were inspected and found to comply with 
their applicable drawings. These drawings are as follows: 
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No. R80 111 C ombustion Gha mber Water -In Manifold 

No. R801 12 Combustion Chamber Water ^Out Manifold 

No. R80116 Glass Window Spacer 

No. R80117 Test panel Spacer 

No. R80119 Test Section Support 

No. R80120 Bottom Support Plate 

No. IiSOlEl Side PiOte Thrust Structure 


NO.R8012Z 
NO.R80123 V 
No.R80l25^ 


Side UrPlate Thrust Structure 
Cpmbastion Chamber Support 
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FOREWORD 

I! 

This report presents a review and summary of the work 
conducted by Lockheed -Huntsville for NASA -Marshall Space 
Flight Center under Contract NAS8-25569, "Design and Develop 
the Mpdificetion of the Hot Gas Test Chamber." This work was 
begun on 19 September 1975, and the hardware was delivered 
on 17 December 1975, 

The NASA-MSFC Contracting Officer's Representatives 
for this contract were Dr. K, E. McGoy, S&E -EP44 and Mr. 

R. N. Stone, S&E-ET18. 
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Section 1 
INTRODUCTION 


On 17 September 1975 Loclcheed -Huntsville received a contract from 
NASA^^MSFC to modify and fabriGate a low -enthalpy hot gas test facility for 
testing large thermal protection system (TPS) panels in support of the External 
Tank (ET) and Solid Rocket Booster (SRB) TPS development programs. A pre- 
liminary design of this facility had already been completed under a separately 
funded study. 

Throughout the design, every effort was made to: (1) minimize cost; 

(2) meet the requirements of simulating the flight environment as closely as 
possible; (3) use as much existing hardware as possible from a set of backup 
hardware previously fabricated for the high enthalpy version of the MSFG Hot 
Gas Test Faeility; and, (4) test large (22 x 113 inch) panels. 


The design requirements and capabilities of this "modified" facility are: 


Will run on hydrogen/air, as opposed to hydrogeh/air or hydrogen/ 
oxygen for the present configuration 

Will run without the steam ejector system, i. e., it will exhaust fp 
atmospheriG pressure. This will greatly reduce operating cost 
and complexity 

Will run large panels (over 113 inches long and 22 inches wide) 

Will require!no wall cooling water except for the ex Lstlng Wat er 
cooled copper combustor section, i.e., none of the new parts 
will be v/ater -cooled 

Will simulate the effect of varying q on streaks, i.e. : Do they 
stop when they proceed into a low q region? 

Will simulate local pressure, heating rate, shear and enthalpy 
near body point 7065. (Figures 1, 2 and 3 present plots of these 
parameters for a comparison with flight vehicle values as listed 
in Table 1.) The heating rates will be turbulent without using trip 
res:. 
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New Low Ehthalpy HGF (P^ = ^0 psi) 


= 540 Btu/lbm (IncreaseoVEnthalpy 
Run Condition) \ 

f— " 425 Btu/lbm fNomiik^ 

/ Run Condittion) \ 
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Fig. 1 - Heating Rate vs Distance for Modified Hot Gas Chamber for Two Run Conditions 


LMSC-HREC TM D496690 






LOCKHEED MUNTSVtUE RESEAmH & ENGINEERING CENTER 


New Low £^th«lp] 




Fig. 3 - Shear vs DistanGe for Modified Hot Gas Chan^iber for Two Hun Conditions 


LMSC-HREC TM D496690 


1-MSG^I?REC TM D496690 


fable 1 

FLIGHT VEHICLE VALUES (REF. 1) 

(55 N.MI. AGA TRAJECTORY AT TIME OF MAX. HEATING ^ 110 SEC) 



.. i 
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Will simulate shock impingement effects on ET/TPS (Otbiter/£T 
and SRB/ET shock impingement areas) 

Will simulate cryogenic backface temperature using a cryopanel. 

The flowfield chemistry will closely simulate that of the vehicle 
in flight (air): The combustion products for the desi^ operating 
point are: 

Constituent Ma s s F ra gtign (%) 


H 20 


5.8 

^2 

A 

74.9 

®2 


17.8 

Ar 


1.5 


The recovery enthalpy for this modified chamber is 4E5 Btu/lb 
a s compared to 424 Btu/lb for the flight vehicle at a txajectbry 
time of 110 seconds (near the time of maximum heating) for the 
55 n.ml., AOA design trajectory. 
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Section 2 

GENERAL DESCRIPTION OF THE FACILITY 
AND COMPONENT HARDWARE 


Figure 4 shows an artist' s sketch of the modified facility. This sketch 
was taken from the proposal (Ref. t), and several design changes were made 
since then. However, the basic facility/components are the same. (No photo- 
graphs are yet available of the completed facility.) The facility consists of: 

(1) an injector body; (2) water-cooled copper combustor; (3) stainless steel 
throat section; (4) nozzle section; (5) test section or duct; (6) thrust structure; 
(7) two support stands; (8) camera mounts and light brackets; (9) camera/llght 
purge boxes; (10) one "live" ealibration panel; (11) three "dummy" calibration 
panels; (12) four cooling-water manifolds; (13) a stainless steel cryopanel to 
provide a cold ET tank wall panel substructure simulation; (14) two angular 
seals inside the bottom of the duct where the foam panels mate with the side- 
walls; and, (15) two "tailgate" seals. 

Each of these components is described in the following sections. Final 
drawings of all components have been delivered to NASA with the hardware. 
The injector body and combustor are modified existing hardware. Alt other 
components are new. 


2.1 INJECTOR BODY 

The injector was modified as follows: 

The "Rigimesh" injector face was removed and a new face of 304 
stainless was made with the same burning hole locations but with 
additional rows of air '^'bleed" holes to allow a large increase in 
the air flow rate. Also new air manifolds and manifold feedline 
pipes were made and welded in place of the old ones. Also the feed 
holes from the manifolds through the injector body side walls were 
greatly enlarged to aceommodate the larger air flow rate. No 
changes were made to the hydrogen manifolds, lead -in pipes, or 
injection tubes. The injectoT face was scaled in place with RTV 
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Fig. 4 - Sketch of 
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rather than being welded in place so it can be removed if any 
additional modifications are required^ 


2.2 WATER-COdIJID COPPER GOMBUStGR 


The combustor was obtained from the NASA warehouse., separated from 
the copper throat section and used "as is" except for drilling and tapping one 
hole for the chamber temperature measurement thermocouple assembly. This 
hole is on the top side about one inch upstream of the combustor/ihroat inter ~ 
faee^ 


The copper throat section was returned to NASA "as is" and will hot be 
used in this facility. 

2. 3 THROAT SECTION 

A completely new throat section was made. It is 304 stainless steel and 
has an inside throat height of one inch rather than the approximately 0.31 inch 
height of the old copper throat. It is made of four parts: top and bottom, and 
two side plates welded together at the sides. The throat section has no water 
cooling. 

2.4 NOZZLE SECTION 

The nozzle is made of mild steel. It is essentially a two-dimensional 
e^ansion nozzle. The entrance height Is approximately 1.5 inches and its 
exit height is approximately 8 inches. It Is a "half-cone" or "half nozzle" 
design, all the e^anslon being on the top side with the bottom flat. The expan- 
sion angle is 15 degrees, and the exit mode number is about 3,6. TKe nozzle 
has a 0,35 inch lateral expansion to allow for boundary layer growth along the 
side walls (0.175 inch on either side). 

2.5 TEST SECTION/ DUCT 

The test sectioh is made of mild steel. It has two rectangular view ports 
or windows on top for taking movies during the tests. Light and camera moimting 
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brackets are also provided, as well as purge boxes for safety purposes since 
is involved. The camera brackets allow for moving the Gameras up and 
down and for aiming at various angles. The duet is essentially rectangular 
except for the approximately 1 inch taper on each side wall and 2 inch taper 
on the top wall to allow for boundary layer growth. The bottom is flat. The 
foam test panels are mounted in the bottom of the test duct resting on the eryo- 
panel and bolted in place from the bottom. The maximum panel size is 2 x 22.29 
X 113.3 inches. Two angles are used as seals along the sides of the panel where 
they mate with the sides of the duct. 

2.6 THRUST STRUCTURE AND SUPPORT STANDS 

The thrust structure was changed from that shown in Fig. 4. It is now 
an ovet/under design and sits on a "sawhprss" stand similar to those shown 
in Fig. 4. Four height alignment bolts are provided for aligning the duct to 
the nozzle, and rollers are provided under the duct for longitudinal movement 
of the duct away from the nozzle. 

2.7 WATER MANIFOLDS 

These manifolds provide cooling water to the eoppef combustor. A water 
pressure drop of about 40 to 50 psi is predicted to supply a sufficient cooling 
water flow rate. 

2.8 CALIBRAtlON AND DUMMY GALIBRATIGN PANELS 

One "live" calibration panel is provided to measure pressures and heat- 
ing rates along the bottom of the duet Where the foam panels will be tested. This 
panel is approximately 22 inches wide and 2b inches long. It is to be placed at 
various positions along the duct during each of several calibratit n runs to deter- 
mine the environment. Three dummy panels are provided to alternate with the 
calibration panel as spacers as the *’Uve" panel is moved to each posttion. 
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Twenty -two pressures and 2Z adjacent heating rate niaaBurement loca- 
tions are provided in a cross pattern to get distributions both along and across 
the duct length and width* These locations are numbered and etched on the top 
of the panel for reference/data reduction purposes. Pressure tubx^s and thermo- 
couple leads approximately 12 feet long are provided and numbered with corres- 
ponding number;}. 

Heating rates are to be measured using the standard "thin-skin/therino- 
couple*' method using Ghromel-alumel thermocouples. Data reduction curves 
have already been made for obtaining heating rates from the temperature 
versus time traces. 

It is expected that the time required for the pressures to stabill 2 e will 
be about 5 to 10 seconds which will also be sufficient time to obtain heating 
rates. 

2,9 CflYOPANEX. 

An "off the shelf" eryopanel was bought and installed Inside the duct. 

It is made of 304^1* stainless and certified for a 135 psia pressure eapability. It 
is mounted on a 1 in. thick layer of rigid ceramic (Glass rock) foam insulation.. 
The insulation was used to reduce heat loss from the cryogen (L 1 N 2 ) to the heavy 
steel bottom wall of the test section during e hill -down, etc. 

"Tailgate" pieces were also provided at the exit end of the duot to seal 
around the top of the eryopanel and also to seal around the pressure tubes 
and the rmoc ouple leads. 
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Sec ion 3 

SUPPORTING ANALYSES 

Most of the supporting analyses were cprnpleted during the preUtxunary 
design phase. However, several additional Stress analyses were conducted 
during this modification/ fabrication phase. These included stress analyses of: 

1. Bolts connecting thrust structure to its support stands Result; 
large margin of safety. 

2. problem of having the hot {uncooled) stainless steel throat sec- 
tion bolted to the water-cooled copper Gombustor (Refs. 2, 3 and 
4 ), Results showed that there will be some slippage between 
these parts, but no stress problem. 

3. Rod bolts conriecting injeetbr, eorabustor, throat and nOzzle 
flange, (allowable dry torque 200 in -lb). 

4. Effect of three sides of test section being heated while bottom 
is cold due to its being protected by the foam panel. Results: 
large positive rnargin of safety, maximum deflection of 0.172 
inch in middle of duct upper wall. 

5i Nozzle seetioh pressure and thermal loading. Result: a I -3/4 inch 
support angle was added to the original design across the top of 
the nozzle. 

In addition to these stress analyses, an ignition/burning/ mixing analysis 
of the GOmbustor "flow field" was performed (Ref. 5) . This was a two dimen- 
sional finite-rate analysis where the ignition was started bn the side of the com- 
bustpr (simulating the flame igniters) and allowed to propagate across the width 

of the combustor toward the centerline. The flame front reached the centerline 
about twG-thirds of the way down the combustor. This means that the large 
air flow will not "flame out" the flame front. It is felt that this analysis was con- 
servative and that the propagation will actually be faster than predietedi How- 
ever, ii is assumed that the igniters are burning Gontinuously, which is the planned 
operational mode. If the igniters are turned off the flame is quickly extinguished 
due to the quenching reaGtiGns, 
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Sectioh 4 

PROOF TESTS PERFORMED 
Five proof tests were conducted as follows: 

4.1 VACUUM TEST OF TEST SECfiON/NOZZLE 

Since the pressures inside the nozzle and test section are less than atmo- 
spheric during facility operation (Fig. 2) a vacuum leak test was performed. 

The test section was bolted to the nozzle and both ends blanked off. The windows 
were mounted in place and a vacuum pump used to bring the inside pressure down. 
The pFessure did not reach the planned teat point of 1.0 psia. However, It stabi- 
lized at about 1.3 psia due to the GombmatLon of small leaks around the 
blank -off plates at the ends, and the small pumping capacity of the pump at this 
pressure level. At this point the pump was shut down and the valve closed. 

A pressure -rise rate and internal volume was used to calculate the leak rate. 

The value turned out to be 0.13 in^Hg/min, as compared to an allowable value of 
2.36 in-Hg/min. This was therefore declar ed to be an aeceptable leak - rate proof 


This allowable leak rate was established as follows; a criterion of 1% of 
the mass flow rate in a 1 in. wide strip of boundary layer was established as a 
value to assure no Row disturbance. This yielded a mass leak rate of 0,003 
Ibm/sec which converts, with the proper volume, to 1,164 psia/ min or 2.36 
in -Hg/rnin, 

4.2 PRESSURE TEST OF THE WATER MANIFOLDS 

The design water pressure for the water manifolds is 50 psia. A proof 
pressure of 60 p si was selected for leak cheeks. The fouT manifolds were con- 
nected to the copper combustor, and the two circuits were filled with water and 
the air bled out. They were pressurized to 60 psia using an argon pressure bottle 
Some small leaks were found in the braze joints and in the copper combustor end 
plugs. These were stopped and the system retested untU no leaks were seen. 
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4.3 PRESSURE TESTS OF THE INJECTOR , COPPER COMBUSTOR, THROAT 
SECTION UNIT 

The design chamber pressure during operation is 100 psia, therefore a 
300 psia value was selected to give a "safety factor" of 3> The purpose of this 
test was to check the weld jomts in the air and hydrogen manifolds, and the O- 
ring joints between the thrnat/Gombustor and the injector/ combustor. 

The unit was assembled with a blank plate used on the downstream end 
of the throat section and B-nuta/plugs in each of the manifold feed lines. It 
was originnlly proposed that this 300 psia pressure check be performed using 
helium gas. However, this was "outlawed" by Lockheed safety personnel 
and a hydrostatic test was substituted. That is, the unit was filled with 

water and the air bled out and then it was pressurizied using an argon pressure 
bottle with regulator. 

Three tries were required before the full 300 psi pressure was obtained. 

On the first two tries leaks were observed at the O-i-ring and at the seal between 
the throat and blank plate. These were stopped by using an "oversized" (fatter) 
G-ring and by using a thicker blank plate plus bolting the nozzle in place to 
let the flange serve to stiffen the blank plate so it didn't bulge out and cause a 
leak. 

On the third try a pressure of approximately 300 psi was reached at which 
time the O-rings started leaking. During dissassembly of the unit after this last 
test it was discovered that both the copper combustor and the throat section lower 
wall had taken on a permanent deformation. Figure 5 shows the extent of this de- 
formation of the copper. In the middle the deformatipn was measured to be about 
0.2 in. The steel section was deformed about .0 50 in. This also caused some 
"egging" of the rod -bolt holes. 

This problem was immediately brought to the attention of the Technical 
GOR of the contraGt, It was decided that we should try to straighten 
these parts back to their original position on a hydraulic press. This was 
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Fig. 5 - Post Test Photo of Copper Combustor Showing 
Approxtmate 0.2 in. Permanent Deformati^ * 
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accomplished without a great deal of extra effort and the straightened parts 
were re -inspected by NASA repre sentatives. The steel throat section went 
back into place to within about 0.007 inch of its original size^ and the copper 
was straight enough so that the rod bolts "fell through" without effort. 

Since no leak was observed ori the welds at 300 psia and the O-rings did 
not leak until approximately this value, it was decided that the test objectives 
had been met and therefore no further tests were performed. 

' 

An "after-the-fact" cursory stress analysis showed that some permanent 
defornaation of the copper should have been expected. This was an oversight 
on our part and should have been caught before we conducted the test, 

A dye-penetrant test was made of the copper combustor after it was 
pressed back into shape and no cracks were found. 

4.4 HELIUM i>RESSURE TEST OF THE HYDROGEN MANIFOLDS. FEED 
PIPES, AND BURNER TUBES 

The 92 burner tubes were blanked off using "shrink" tubing and taken 
to the NASA-MSFC test lab shops for a helium leak detector test. The unit was 
purged and then pumped up to 30 psia and "sniffed" thoroughly. No leaks were 
found. 

4.5 WELD JOINT TESTS WITH DYE PENETRANT 

All weld joints were checked using a "Zyglo" dye-penetrant test kit. No 
problems were found. 
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Sec tion 5 

INSPECTION/QUALITY ASSURANCE 

All parte were inspected before delivery and found to naeet requirements 
as speGified on the appUcable drawings (see Section 7, AppllGable Documents, 
for drawing numbers and titles). 

A separate document (Ref. 6) has been written to cover quality assurance 
of this project. Included in this document are; material certifications, LMSC 
Minimum Quality Assurance Statement, subGontracted work inspection form, 
welder Gertification, welding rod GertifiGation/ specification referenceSi NASA 
acceptanGe form DD-^250, etc. 
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Section 6 


INSTRUMENTATION 


in addition to the ZZ pressure and heating rate Fneasurements provided 
with the "live” calihration panel as discussed earlier the following "facility" 
instrumentatipn is provided; 

• Combustion chaniber pressure tap 

• GombustiGn Ghamber temperature thermoeouple assembly. (Omega 
brand, chromel-alumel, l/l6 inch diameter, with inconel sheath, 
ungrounded junction, max temp Gapability = 2100®F, approximately 
Z -11/16 inches along, extends to centerline of eorabustor, located 
about 1 inch ups tr earn of throat/comb us tor interface.) 

• Nozzles upper Wall temperature; Ghromel-alumel thermocouple, 
located about Z inches downstream of throat/nozzle interfaGe. 

• Test section/duct upper-wall temperatures: Two chromel-alumel 
thermocouples are provided: one about 2 inches downstream of the 
nozzle/test section interface and one about 3 inches upstream of 
test section exit plane. 

• Test section upper wall pressures. Seven pressure tap locations 
are provided on the test section upf “r wall. These are more or 
less equally distributed along the duct length. 

In addition to this instrumentation, consideration is now being given to 
the addition of acoustic instrumentation. The purpose of this is to determine 
how well this faciUty simulates the flight acoustics environment. This has been 
discussed with NASA- MSEC acoustics personnel and their estimated acoustics 
level is 14:0 to 165 dB. They have also made a recommendation as to the 
type of instrumentation to install. If it is decided to add these transducers, 
they can be installed in one of the ''dummy" Galibration panels. 
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Section 7 

APPLICABLE DCXUMENTS 


The documents appli cable to this facility are covered bi the Reference 


section. 


Also the following drawings are apptlGable: 


No. R8 01 04 
No. R80105 
No. R80106 


No. R 80 108 
N 0 .R 8 OIO 9 
No. R80 1 10 
No. R80111 
No. R80112 
No. R80U6 
N 0 .R 8 OII 7 
No. R80119 
No. R80120 
N 0 .R 8 OI 2 I 
No, R80122 
No. R80123 
No. R80125 
No. R80156 
NO.R80157 


Modifieation to HGE Injector 
Injector Face Plate 
Throat Section 


No. R 80 107 Nozzle 


Test Section 
Calibration panel 
Calibration Panel (Dummy) 

C ornbu stion Chamber Wa ter -In Manifold 

Combustion Chamber Water “Gut Marifold 

Glass Window Sjpacer 

Test panel %acer 

Test Section Support 

Bottom Support Plate 

Side Plate Thrust Structure 

Side U -Plate Thrust Structure 

G ombUstion C ha mb er Support 

Thrust Structure Assembly 

Long Foam Panel 

Hole Pattern Template r- HGF Panel 


Final GOpies of these drawings were delivered to the NASA-MSFG 
Technical COR at the end of the contract period. 
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Section 8 

LOAN OF WINDOWS 

The two quartz windows and frames used on the top of the test section 
for camera viewing ports are on loan (without charge) from Lockheed to NASA. 
The present loan period is one year. It is expected th^it this loan period can 
be extended at the end of one year if heeded. These windows are from a surplus 
wind tunnel owned by Lockheed* tinder the terms of the loan agreement, if 
Lockheed should need these windows before the end of the loan period, a three - 
month notice will be given so that replaGement windows may be made or pur- 
chased, However, this need is not expected to occur. 


I 
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Section 9 

DELIVERY OF HARDWARE 

Delivery of all applicable hardware was made by Lockheed -Huntsville 
to NASA-^MSFG on 17 December 1975. It was accepted and received under 
form DD-250. Government furnished parts (copper combustor and throat 
sections) were also returned or accepted undei* this same form. 
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Section 10 

OPERATIONAL CONSIDERATIONS 

10.1 CALIBRATION PANEL LOADING 

The calibration panel has a front and rear edge, obviously loeated by the 
diTection the pressure leads run. The ''dummy'* Galibration panels have dowel 
alignment pins for mating to the front of the duct, to each other, and to the "live 
calibration panel. These dummy panels also have front and rear edges. These 
are stamped on the lateral edges, "FR and RR. " The "FR" edge goes nearest 
the combustion chamber end of the test section. These dummy panels also have 
position numbers 1, 2, 3. Panel No, I goes nearest the combustion chamber, 
etc. 

10.2 MATING GAP CONSIDERATION 

When the calibration panels are loaded they must be sealed at their gaps 
on the sides and fronh This is required to prevent redistribution of the pres- 
sure along the test section which would foul the flow field. This will be done 
using 2 -conrvponent RTV as they are loaded into the test section from its down- 
stream end. On the sides two angle "seals" are provided. RTV gaskets are 
attached to these rails already. However, some additional wet RTV will be re- 
quired to obtain a proper seal. This RTV can be removed Without a great deal 
of effort from these surfaces if they are not primed. {This has been tried and 
it works.') 

Also the two tailgate pieces must be sealed with RTV to prevent air from 
being drawn into the cavity under the cryopanel and calibration panels during 
facility firing. 
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1 0. 3 FACILITY CALIBRATION 



i 


Lockheed personnel will be available for helping nnonitor and coordinate 
facility checkout/calibrating and data reduction/analyseB. 

Temperature time histories have been predicted for each of the calibra- 
tion panel heating rate areas. Heating rate and pressure predictions are shown 
on Figs. I and 2, respectively. Upper wall pressures have also been predicted. 

The time required to get pressure and heating rates is estin^ted at 5 to 
10 seconds^ The acoustics instrumentation will also obtain sufficient data in 
this time period. 

At least four riins will be required for calibration ^ one for each of the 
live calibration parallel positions. 

1 0. 4 FOAM PANEL DESIGN 

A preliminary design drawing of the foam panel has been made — Drawing 
No. R80156. 

There are two basic ways these panels could be madei, The simpler, and 
less expensive from a cnanufac taring standpoint, is recommended as shown on 
the drawing. This is simply a flat plate 1/8 inch thick alurmnum backup struc- 
ture with drilled and tapped holes for mounting from the bottom. The gap or joint 
between the foam sides of this panel and the test section walls would be sealed 
with the two angle seals coated with R TV. The disadvantages of this design is 
that if the RTV gaskets now on the angle seals do not completely seal against 
the foam, then "wet" RTV will have to be used during panel loading to ensure a 
seal. This means the angles may stick to the foam and have to be cut loose after 
each test. 

The second approach would be to have the panel manufacturer furnish a 
substructure which extends up the walls of the duet far enough to be bolted 
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in place at the holes which presently hold the angles in place. This would give | 

a "breadpan*' for the foam to be sprayed into and it would then be "stuck" to the | 

sides and no seal would be required at the foam/ metal interface. | 

As stated earlier, the first (simDler) approach is recommendecl at least I 

for the first batch of panels. An alternative, which is probably advisable, is to ^ 

have MSFC spray some "trial" panels of the simple design to see how they 
will actually work. 

10,5 FACILITY DISASSEMBLY/REASSEMBLY NOTES 

The facility consists of two basic units: the parts upstream of the nozzle/ 
duet interface and then the duct itself. 

I ' 

The first assembly is held together with 18 rod bolts 3/8 inch in diameter. | 

I 

Silieone O-rings are provided between the injectpr body/eopper combustor and \ 

between the copper Gombustor and steel throat. These O -wrings are quoted to be | 

good up to T00°F for short periods of time. However, they are not predicted to j 

get this hot and therefoi^^ no disassembly or replacement of these between runs | 

is required. However, periodic inspection of these is recommended. If there is | 

a leak at these joints during operation it should be obvious from "burn marks" | 

3 

on the outside. If the temperature capability burns out to be a problem, then | 

"Titron" O-rings are available which are good to higher temperatures. | 

3 

Specifications for these O-rings are Parker Ref. No. 2-385, size 15.955 | 

inch i.d,, and 0.210 inch cross -sectional diameter. | 

Dowel pins are provided for alignment at the throat/nozzle interface and | 

nozzle/duGt interface. NO aUgniment pins are provided between the copper com- I 

bus tor and steel throat because of the differential expansion problem duiihg oper-^ | 

ation because the throat is not water cooled. The alignment between the in- | 

jector body/eopper combustor is provided by a "boss" that fits into the copper. I 

I 

f 

i 
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Alignment between the nozzle/test section is controlled by four threaded 
studs, tvjo in each of the test section support stands. These allow lateral and 
horizontal adjustment of the test section to match up with the nozzle dowel pins. 
Longitudinal movement of the test aection is provided by rollers on top of these 
two stands. 


When assembling the facility the mating surfaces should be aligned to ob- 
tain the best match of joints at their lower surfaces. This is because flow dis- 
turbances are critical on the lower wall where the foam is to be tested. 

An RTV '’mold “in -place" gasket is provided between th^ nozzle/test sec- 
tion. If damaged it is easily patched or replaced. 

Recommended torque on the rod bolt nuts is 200 in, -lb-dry. Recommended 
tightening pattern is: alternate top and bottom; start in middle working outward. 
Go over pattern three times. 

Recommended torque on nozzle/teat section mating flange eonneGting bolts 
is 35 in, -rib-dry. Tightening patterns are the same as for the rod bolts. 
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Section 1 1 

FACILITY OVERALL DIMENSIONS 


i 

Figure 6 shows a sketch of the assembled facility with overall dimensions, 
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Section 12 

FACIL.tTY DATA SUMMARY 

The following information is presented in summary form for quick 
reference ir> the future use by the reader. 

9 Nominal Run Conditions 


= 100 psia 

T„ = T = 1773°R = 13i3°F 
1 c 

= 1620°R - 1I20°F 
= 472 Btu/lb 

= 425 Btu/lb. (R. F. = 0.9) 

C"" = 2630 ft/sec 
Maximum predicted run time; 


Theoretical values 
using 100% burning 
efficiency 


120 seconds. 


Limiting- factor on run time; temperatures of 
nozzle and duct. 


a Propellant Flow Rates 

Air = 29.1 Ib/sec I 

GH 2 - 0.1914 Ib/sec i Assuming 

O/F = 152 \ 

• Propellants Pressure Drop Across Injector Face 

Air ~ 35 psi 
GH 2 10 psi 
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« Cryopanel 

Material 304-L 

Nominal Size; 2Z-1/8 x 119 in. 

Proof Test Pressure; 135 psia 
Predicted Pressure Drop; 70 psi 
Predicted LN2 Plow Rate; 36 gpm 
Conne ctions; 

Inlet: 0, 5 in, M. F, Pipe Thread 
Outlet: 1.0 in. M. F. Pipe Thread. 

o F oam Panel 

Nominal Size; Z2.25 x 113,30 x 2.0 in. 

d Water Manifold 

Inlet Pressure; 50 psi 
Flow Rate; 56 gpm 

• O- Rings 

Quantity; 2 

Material; Silicone Rubber 

Size; 15.955 in. i.d., x 0.210 in. Cross-Sectional 
diameter 

Specification No: Parker No. 2-385 

« Calibration Panel 

Pressures: 22 
Heating Rates: 22 

Thermocouples; Type K (Chromel Alumel) 

Material: 304-Lp Stainless Steel 

Nominal; Thin-Skin/T. C. 

Location Thickness; 0,030 in. +.01 
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Plate Thickness; 3/8 in. 
Size; 22.25 x 28.44 x 2.00 in. 


® Dummy Panels 

Sizes; 

Panels 1 and 2 

22.25 X 28.44 x 2,00 in. 

Panel 3 

22.25 X 27.81 x 2,00 in. 

Mc orial; Mild Steel 
Plate Thickness: 3/8 in. 

o Bolt Torque; 

Injector / Combustor /Throat /Nozzle 
Rod Bolts; 200 in-lb (dry) 
Nozzle/Duct Bolts; 35 in -lb (dry) 

© W indow Size; 

Glass; 4-1/2 x 20 in. 

Inside Frame; 7-1/2 x 22 in. 
Outside Frame; 10-5/8 x 24 in. 
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